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ABSTRACT 


This  report  describes  research  performed  over  the  period  1st  January  2000  to  3 1st 
December  2000  on  a  MURI  under  Office  of  Naval  Research  contract  N000 14-96-1-1 173  on  the 
topic  “Acoustic  Transduction  Materials  and  Devices”.  This  program  brings  together  researchers 
from  the  Materials  Research  Laboratory  (MRL),  the  Applied  Research  Laboratory  (ARL)  and 
the  Center  for  Acoustics  and  Vibrations  (CAV)  at  the  Pennsylvania  State  University.  As  has 
become  customary  over  many  years,  research  on  the  program  is  detailed  in  the  technical 
appendices  of  published  work,  and  only  a  brief  narrative  description  connecting  these  studies  is 
given  in  the  text. 

The  program  combines  a  far  reaching  exploration  of  the  basic  phenomena  contributing  to 
piezoelectric  and  electrostrictive  response  with  the  highly  applied  thrusts  necessary  to  produce 
the  “pay-off’  in  new  applications  relevant  to  Navy  needs.  Polarization  vector  tilting  in  the 
ferroelectric  phase  of  perovskite  structure  crystals  at  compositions  close  to  a  morphotropic  phase 
boundary  (MPB)  was  first  underscored  on  this  program  some  four  years  ago,  and  is  now  widely 
accepted  as  one  mode  for  exploiting  the  large  intrinsic  spontaneous  strain  in  the  ferroelectric  to 
produce  exceedingly  strong  anhysteritic  piezoelectric  response  and  very  large  electric  field 
controlled  elastic  strain.  New  evidence  for  the  importance  of  both  spontaneous  (monoclinic)  and 
electric  field  induced  tilting  on  the  properties  of  both  single  and  polycrystal  MPB  systems  is 
presented  in  this  report. 

The  puzzling  phenomena  associated  with  relaxor  ferroelectric  response  have  long  been  a 
topic  of  study  in  MRL,  where  the  micro-polar  region  model  and  the  application  of  Vogel/ 

Fulcher  to  the  dielectric  slowing  down  were  first  applied.  The  current  “pay-off’  is  in  the  greatly 
enhanced  relaxor  ferroelectric  electrostrictive  response  from  high  electron  energy  irradiated 
polyvinylidene  difluoride:  triflouroethylene  (PVDF:  TrFE)  co-polymer  discussed  in  this  report. 
This  development  opens  a  new  field  of  high  strain,  high  energy  density  actuators  with 
tremendous  practical  applicability.  Now  the  possibility  of  engineering  this  response  by  chemical 
manipulation  in  the  terpolymer  systems  without  irradiation  further  enhances  the  exciting 
possibilities. 

In  composite  structures,  the  early  promise  of  the  flextensional  cymbal  type  actuators  is 
now  being  fully  realized  and  programs  exploring  large  area  cymbal  transducer  arrays  are 
progressing  very  well,  both  at  MRL/ ARL  and  at  NRL.  The  connection  with  CAV  at  Penn  State 
is  particularly  important  in  keeping  the  MURI  faculty  aware  of  problems  endemic  to  water  as  our 
host  medium  and  the  effects  of  turbulence  in  flow  and  the  need  for  many  types  of  acoustic  noise 
control. 

New  designs  of  piezoelectric  transformers  and  motors  are  demanding  materials  with 
lower  loss  levels  under  continuous  high  driving,  and  important  progress  is  reported  in  separating 
and  understanding  the  components  of  this  loss  and  in  designing  new  doping  schemes  for 
ceramics  which  enhance  power  capability  almost  tenfold.  New  piezoelectric  micro-motor 
designs  look  particularly  attractive  and  appear  to  offer  significant  advantages  over 
electromagnetics  for  very  small-scale  applications.  Thick  and  thin  film  studies  for  MEMS  are 
progressing  well  and  offering  new  insights  into  fatigue  and  switching  behavior  in  the 
ferroelectrics. 
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The  existence  ol  domains  is  essential  in  many  practical  applications  of  fcrroics.  Here  we  dis¬ 
cuss  devices  in  which  a  fixed  spatial  distribution  of  domains  plays  the  significant  role. 
Depending  on  the  prevailing  attributes  of  multidomain  single  crystals,  three  different  possi¬ 
bilities  can  he  distinguished.  In  domain -geometry- -engineered  samples  the  spatial  distribution 
of  domains  is  tuned  to  correspond  to  the  A- vectors  of  fields  propagating  through  the  material, 
in  domain-average-engineered  samples  the  crystal  is  subdivided  into  a  very  large  number  of 
domains,  representing  a  limited  number  of  domain  states.  In  domain-wall-engineered  sam¬ 
ples  the  characteristics  of  static  walls  can  play  an  essential  role  in  the  averaged  macroscopic 
properties.  Examples  illustrating  these  approaches  are  given. 

Keywords:  domain  engineering;  domain-geometry  engineering;  domain-average-engineer¬ 
ing;  domain-wall-enginecring;  multidomain  fcrroics;  static  domain  pattern 


1.  INTRODUCTION 

Practical  applications  of  ferroics  (undergoing  a  phase  transition  from 
the  point  group  G  to  F)  are  of  two  basically  different  characters:  those 
which  rely  on  properties  of  single  domain  samples  and  those  in  which 
the  presence  of  domains  is  essential.  The  latter  can  be  categorized  into 
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devices  based  on  dynamical  domain  processes  or  those  in  which  a  static 
distribution  of  domains  plays  a  significant  role.  Mere  we  discuss  the  last 
mentioned  case:  general  characteristics  of  multidomain  samples  with 
fixed  spatial  distribution  of  domains. 

Depending  on  the  prevailing  attributes  of  multidomain  single  crystal 
samples,  several  possibilities  can  be  distinguished.  Those  discussed  in 
Uie  following  sections  2  to  4  differ  in  general  features  of  the  geometry 
of  domains  and  it  is  assumed  that  domain  walls  are  of  negligible 
thickness.  In  the  last  considered  case,  the  thickness  of  domain  walls  is 
finite  and  specimens  exhibit  large  wall  density.  Aspects  of  preparation 
and  properties  of  such  samples  are  discussed  in  the  section  5. 


2.  DOMAIN-GEOMETRY-ENOrNEERED  FERROIC  SAMPLES 

As  early  as  in  1964,  Miller1' 1  showed  that  a  regular  pattern  consisting  of 
1 80°  domains  in  BaTiOj  with  a  period  corresponding  to  the  coherence 
length  could  substantially  increase  the  effectiveness  of  optical  second 
harmonic  generation.  The  idea  is  based  on  two  factors:  a)  domain  states 
differ  in  the  sign  of  nonlinear  optical  coefficient,  b)  the  width  of 
domains  is  timed  to  the  coherence  length.  It  was  Feng  Duan  et  al.  f2J 
who  succeeded  in  manufacturing  a  periodic  domain  pattern  in  LiNb03 
and  proved  its  efficiency  in  nonlinear  optics.  More  recently,  S.  N.  Zhu 
et  al.131  initiated  an  essential  progress  in  this  field  by  producing  a 
domain  pattern  whose  geometry  corresponds  to  a  Fibonacci  superlattice 
and  which  makes  it  possible  to  realize  second  harmonic  generation  for 
multiple  wavelengths.  But  the  significance  of  domain  patterns  with 
engineered  geometry  was  proved  also  in  acoustics.  Meeks  at  el.f41 
produced  tunable  acoustic  systems  based  on  spatial  modulation  of 
elastic  coefficients  in  a  periodic  domain  pattern  in  NdPsOu  while  Y.  Y. 
Zhu  et  al.(51  succeeded  in  producing  transducers  up  to  800  MHz  based 
on  spatial  modulation  of  piezoelectric  coefficients  in  multidomain 
LiNbOj. 

In  all  these  applications  the  periodicity  of  domain  patterns 
corresponds  to  ^-vectors  of  propagating  waves  and  the  multidomain 
domain  systems  represent  just  two  domain  states.  Up  to  now  less  than 
10  ferroics  have  been  utilized  in  this  area,  and  in  any  of  these  materials 
the  total  number  of  domain  states  v=  |G|  /  |F|  =  2  (here  |G|  and  |Fj  stand 
for  the  order  of  the  parent  and  ferroic  phase  point  groups,  resp  ).  This  is 
understandable  since  to  produce  a  regular  pattern  in  ferroics  with  v  >  2 
in  which  only  two  domain  states  are  involved  is  not  trivial. 
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To  solve  this  task  in  particular  cases  experimentally  is,  however, 
possible.  In  fact  the  nature  itself  shows  that  patterns  with  a  regular 
geometry  of  a  limited  number  p  <  v  of  domain  states  can  be 
materialized.  Several  observations  have  been  made  of  domain  patterns 
with  regular  geometry,  fulfilling  (his  requirement.  As  an  example,  we 
refer  to  the  Forsbergh's  square-net  pattern161  shown  in  Fig.l,  which  has 
been  repeatedly  observed  in  BaliOj  single  crystals  as  well  as  ceramic 
grains.  It  might  be  inspiring  to  examine  its  macroscopic  properties  for 
external  fields  with  both  k  -  0  and  k  *  0,  based  on  its  symmetry 
characteristics. 


FIGURE  1  Example  of  a  “natural”  mulliaxial  domain-geometry 
engineered  system:  the  Forsbergh’s  square-net  pattern  in  tetragonal 
Dal'iOj.  Left:  microscopic  picture;  right:  arrangement  of 
tetrahedral  building  blocks.  From  Ref.  |6). 

Several  other  multiaxial  threedimensional  and  reproducible  patterns 
have  been  observed  under  natural  conditions  and  there  is  little  doubt 
that  they  could  be  produced  artificially.  To  mention  just  one  more 
example,  we  refer  to  the  Arlt’s17'  patterns  a  and  P;  till  now  they  have 
been  observed  only  in  ceramic  grains  but  very  probably  they  could  be 
created  in  crystals  under  properly  designed  external  forces.  Again,  in 
order  to  deliberate  about  their  properties,  the  symmetry  analysis  would 
be  the  first  step  to  take. 

indeed,  regular  domain  systems  can  offer  unexpected  symmetry 
properties,  'flius,  for  instance,  the  well  known  Hallhach  array  of 
magnets  with  asymmetric  distribution  of  magnetic  field  can  have  a 
simple  analogy  in  thin  ferroelectric  plates  containing  a  regular  system 
of  90°  domain  pairs.  While  in  the  latter  case,  because  of  the  existence  of 
free  charges,  we  do  not  expect  pronounced  external  depolarizing  field 


I74/|386| 


J.  I-OUSEK  am!  1..  Li.  CROSS 


effects,  macroscopic  properties  of  the  array  could  offer  new  applicable 
aspects. 


3.  DOMAlN-AVIiRAGli-liNGlNliliRED  FERROIC  SAMPLES 

In  contrast  to  the  previous  cases,  in  domain-average-engmeered 
samples  of  ferroic  crystals  the  specimen  is  subdivided  into  a  very  large 
number  of  domains,  representing  just  p  <  v  domain  states.  Such 
situations  can  be  achieved  by  cooling  samples  through  their  phase 
transition  temperatures  under  properly  oriented  stresses,  electric  fields 
or  their  combinations.  The  geometry  of  domains  is  irregular.  The 
sample’s  response  to  external  fields  is  roughly  described  by  tensorial 
properties  averaged  over  all  involved  domain  states.  Thus,  e  g.  for  the 
piezoelectric  response  we  can  write  in  the  zeroth  approximation 

'  ar=l 

Here  V(a)  denotes  the  volume  occupied  by  the  domain  state  a. 

In  recent  years.  Park  et  al.*8,9* ,  Yin  and  Cao*10*  and  other  authors 
considered  a  case  of  this  character  to  discuss  piezoelectric  properties  of 
PZN-PT  single  crystals  poled  along  one  of  the  {001}  directions. 
Assuming  that  the  material  went  through  the  phase  transition  from  G  = 

m  3  m  to  F  =  3m,  the  poling  along  [100]  supports  the  coexistence  of  four 
domain  states  with  spontaneous  polarization  along  the  directions  [111], 
[1  T 1],  [1 1 1]  and  [1  T  T],  with  equal  probability.  In  this  statement,  it  is 
assumed  that  the  domain  wall  orientation  aspects  (e.g.  mechanical 
compatibility)  can  be  neglected.  In  fact,  in  samples  of  ferroelastic 
crystals  strictly  speaking,  only  one  set  of  mechanically  permissible 
parallel  domain  walls  is  allowed*"*  while  in  real  samples  walls  of 
various  orientations  coexist  connected  with  additional  elastic  strains, 
paid  by  increased  elastic  energy. 

The  symmetry  aspects  of  domain-average-engineered  samples  can 
be  discussed  in  a  general  way.  The  task  is  to  determine  the  average 
point  symmetry  H,  i.e.  the  symmetry  of  the  subset  of  domain  states 
contained  in  the  multidomain  sample.  This  was  addressed  by  Fousek  et 
a!.,ni  and  the  procedure  can  be  facilitated  by  the  use  of  the  computer 
programme  of  Schlcsmann  and  Litvin.*13* 

As  an  example,  in  Fig.2  we  reproduce*12*  the  average  symmetry 
groups  H  of  six  selected  subsets  of  domain  states  (out  of  13  leading  to 
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different  symmetries  F)  which  arise  in  the  phase  transition  specified 
above  (here  //  =  8).  States  are  represented  by  self-explanatory  numbers 
and  dots  indicating  the  directions  of  Ps  vectors. 


Representative 
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FIGURE  2  Examples  of  subsets  of  domain  states  corresponding  to 
the  transition  m3m  -  3 m  and  their  symmetries. 

Taking  into  account  the  distribution  of  polar  vectors  and 
corresponding  strain  tensors,  one  can  determine  which  external  forces 
should  be  applied  in  order  to  obtain  any  of  the  domain-average- 
engineered  systems.  The  trivial  example  is  the  subset  [1]  produced  bv 
tire  electric  field  E  along  [111).  The  subset  [1368],  discussed*81  * 
before,  will  be  produced  by  the  field  along  [001]  while  the  combination 
[  1 5 1  requires  the  application  of  a  uniaxial  stress  along  [111]  The  subset 
[13]  calls  for  the  application  of  both  electric  field  along  [001]  and 
uniaxial  stress  along  [1  10]. 

In  addition  to  the  applied  fields,  electrical  or  mechanical,  there  are 
other  approaches  which  can  eliminate  particular  domain  states  in  a 
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given  ferroic  material.  The  stimulating  example  is  based  on  chiral 
dopants.  Keve  el  al.*141  showed  that  doping  TGS  with  L-a- alanine 
prefers  just  one  of  the  two  domain  states  with  antiparallel  Ps.  Zikmund 
and  Fousek*1 5,161  generalized  this  approach  and  showed  that  chiral 
substitients  can  reduce  the  number  of  domain  states  by  a  factor  of  two 
in  a  number  of  ferroic  species. 

It  is  understood  that  in  the  mentioned  approaches  we  leave  behind 
the  problems  of  domain  coexistence  connected  with  their  mechanical 
compatibility.  It  seems  obvious  that  domain  average  engineering  can 
succesfully  lead  to  formation  of  crystalline  systems  with  new  desired 
properties  in  particular  in  crystals  where  the  domain  size  is  small. 
Crystalline  systems  exhibiting  tweed  microstructures  similar  to  those 
observed  in  La-modifted  lead  titanate1'71  or  PLZT*18'  might  serve  as 
candidates  for  this  approach. 


4.  PHASE-  AND-  DOMAIN-AVERAGE  ENGINEERED  FERROICS 


The  domain-average-engng  concept  can  be  generalized  to  systems  in 
which  the  prescribed  domain  states  represent  two  or  more  ferroic 
species.  Such  multiphase  situations  occur  in  PZT  ceramics  near  the 
morphotropic  boundary  and  originate*19*  in  concentration  gradients  as 
well  as  in  the  independent  nucleations  of  the  ferroic  phases  since  the 
transition  is  of  the  1st  order.  It  appears  that  PZN-PT  single  crystals  with 
a  pronounced  piezoelectric  response  contain  blocks  of  both  tetragonal 
and  rhombohedral  symmetry*20*.  In  the  basic  approximation,  the 
piezoelectric  coefficient  of  a  properly  poled  sample  is  then  described  by 


kdjjk.  (walls)  +  Adjji  (phase  bndrs ) 


+ 


where  pi  and  p2  are  numbers  of  domain  states  represented  in  the  phase 
1  and  2,  resp.,  after  poling.  The  high  piezoelectric  response  of  PZN-PT 
single  crystals  originates  in  the  combination  of  intrinsic  coefficients 

djjk  .  d.j^ '  as  well  as  in  the  extrinsic  contributions  due  to  the  motion 

of  domain  walls  and  phase  boundaries.  The  question  what  role  is  played 
by  any  of  these  contributions  is  still  to  be  solved. 
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When  addressing  the  problem  of  average  symmetries  of  phase-and- 
domain-avcrage-engincered  samples  one  can  follow*21*  a  similar 
approach  as  mentioned  above.  Consider  that  two  species  coexist, 
namely  m3m  3 m  and  m3m 4mjmi.  It  can  be  shown  that  when  poling 
along  principal  directions,  i.e.  E  ||  [001]  or  E  ||  [Oil]  or  E  ||  [111], 
regions  of  the  two  species  differ  in  the  systems  of  Ps  vectors  but  are  of 
the  same  averaged  symmetries  4mm,  mm2  or  3m,  resp. 

It  has  to  be  stressed  that  in  both  domain-average  enginnered  and 
phase-and-domain-average  engineered  systems,  electrical  and 
mechanical  compatibility  conditions  play,  in  the  energy  evaluations,  a 
significant  role.  It  is  beyond  the  scope  of  this  presentation  to  discuss 
these  problems  in  detail  and  the  subject  will  be  addressed  in  another 
paper. 


5.  DOM A1N-W ALL-ENGINEERING 


In  the  last  considered  case,  the  thickness  of  domain  walls  is  finite  and 
the  specimens  exhibit  large  wall  density.  As  before,  the  representation 
of  specific  walls  can  be  influenced  by  external  forces.  In  such  domain- 
wall-engineered  samples  the  characteristics  of  static  walls  can  play  an 
essential  role  in  the  averaged  macroscopic  properties. 

It  was  predicted  by  Walker  and  Gooding*  21  that  Dauphind  domain 
walls  in  nonpolar  quartz  can  carry  a  dipole  moment  and  this  was  later 
demonstrated  experimentally  by  Snoeck  et  al.*23*,  in  the 
incommensurate  phase  of  SiCh.  In  fact  it  is  easy  to  demonstrate  this 
possibility  for  ferroelastic  walls.  If  in  the  free  energy  function  the 
invariant  ju,fii\(dz,j/dxk)Ei  is  allowed  by  symmetry,  a  ferroelastic  wall  will 
carry  polarization 


=  /'ijkl 


<%ij 

dxk 


Here  the  //-tensor  describes  the  flexoeleclric  effect.  As  an  example, 
consider  the  species  m3  mi  -  4/mmm  represented  by  crystals  of  SrTi03, 
or  CsPbClj  and  the  species  m3m  -  4mm  describing  the  properties  of 
BaTiOj.  In  both  cases,  ferroelastic  walls  (90°  wall  in  the  latter  case)  are, 
by  symmetry,  allowed  to  carry  polarization 

1\  ~  ^z  ~  O'l  III-  A*33l  I  )  3  ~  * 
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this  is  demonstrated  in  Fig.  3.  Symmetries  of  nonferroelastic  domain 
walls  from  which  their  possible  macroscopic  properties  can  be 
envisaged  have  been  discussed  by  PHvratski  and  Janovec*24*. 


FIGURE  3  Due  to  flexoelectricity,  domain  wall  separating  two 
ferroelastic  domains  of  species  m3m  -  4/mmm  or  m3m  -  4mm 
can  carry  polarization  represented  by  the  arrow. 

Should  macroscopic  properties  of  domain  wails  play  a  non- 
negligible  role  in  the  properties  of  a  ferroic  sample,  they  have  to  occupy 
a  sizable  volume.  Realistic  values  of  domain  width  and  domain  wall 
thickness  are  =  1  to  10  pm  and  f w  =  3  nm,  resp.  Suppose  that  the 

required  relative  volume  occupied  by  domain  walls  is  10%  and  that 
there  so  no  way  how  to  increase  the  wall  thickness.  Then  we  look  for 
methods  how  to  reduce  the  average  domain  width  to  about  30  nm,  i.e. 
how  to  increase  the  wall  density  30  times  or  more. 

It  appears  that  there  is  a  significant  number  of  experimental  methods 
which  could  address  this  problem.  Here  we  mention  in  passing  only 
some  of  those  which  might  be  considered.  The  density  of  defect- 
induced  order  parameter  gradients  could  be  increased  at  crystal 
growth^.  The  size  of  AFM-written  domains*25*  could  be  further 
reduced,  their  density  increased.  Attempts  to  freeze-in  high  density 
tweed  structures*26*  in  some  ferroelastics  close  above  7c  or  high  density 
pattern  of  discommensurations  in  modulated  phases  close  above  the 
lock-in  temperatures*27*  appear  attractive.  Fixing  photorefractivc 
gratings  by  domains*26*  in  ferroelec tries  with  small  Ps  (small  defect- 
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assisted  nucleation  energies  to  produce  domains  in  real  time)  looks  also 
promissing. 


6.  CONCLUSIONS 

Till  now,  the  field  of  domain  geometry  engineering  has  been 
succesfully  developed  and  applied  to  ferroics  representing  five  species 
of  ferroelectrics  and  one  species  of  ferroelastics,  all  with  two  domain 
states.  Such  specimens  proved  to  be  competitive  in  the  field  of 
nonlinear  optics  and  promissing  in  the  field  of  ultrasonic  generation  and 
detection.  But  much  more  complex  domain  systems  are  obtainable  and 
have  not  yet  been  considered  and  investigated. 

Two  new  areas  of  research  appear  to  be  very  promissing.  Domain- 
and  phase-average  engineered  systems  offer  increased  values  of 
macroscopic  properties,  probably  strengthened  by  domain  wall  and/or 
phase  boundary  induced  motions.  We  still  miss  detailed  data  about  the 
real  structure  of  existing  compounds  like  PZN-PT  as  well  as  theoretical 
analysis  of  multiple  domain  states  compatibility,  the  more  so  for 
multiple  phase  systems.  Domain-wall  engineered  samples  with  high 
density  of  walls  also  promise  a  new  interesting  research  and  application 
area.  At  present,  particular  systems  useful  in  selected  applications  could 
be  specified  and  methods  to  produce  high  density  domain  patterns 
investigated  experimentally. 
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Pure  Pb(Zn1/3Nb^)03  (PZN)  single  crystal,  is  the  typical  relaxor  ferroelectrics  with  an  optical  isotropic 
property.  Using  the  PZN  crystal,  two  kinds  of  symmetries  were  investigated  by  using  a  polarized  microscope 
and  a  Raman  scattering  spectroscopy  under  DC-bias  field  to  obtain  some  important  informations  about  polar 
micro  regions  (PMR).  In  the  relaxor  state,  its  macroscopic  symmetry  on  the  basis  of  domain  observation  was 
assigned  to  the  highest  symmetry  i.e.,  m3m.  However,  DC-bias  exposure  to  the  PZN  crystal  with  the  relaxor 
state  induced  the  ferroelectric  domains,  and  finally  all  regions  in  the  crystal  became  to  ferroelectrics.  This 
domain  configuration  was  analyzed  crystallographically,  and  its  macroscopic  symmetry  was  assigned  to 
acentrosymmetric  3m.  On  the  other  hand,  no  change  between  Raman  scattering  spectra  in  relaxor  and 
ferroelectric  states  was  observed.  This  means  that  their  microscopic  symmetries  of  acentrosymmetric  3m  and 
phonon  damping  states  did  not  changed  in  the  both  states.  These  results  revealed  that  for  the  relaxor  state, 
the  existence  of  the  disorder  system  in  the  structure  is  veiy  important. 

Key  word:  PZN  single  crystal,  Raman  scattering,  domain  configuration,  polar  micro  regions,  DC-bias 


1.  INTRODUCTION 

It  was  well  known  that  PZN  single  crystal  is  the 
typical  relaxor  ferroelectrics  with  a  maximum  dielectric 
constant  around  140*C,  and  has  an  optical  isotropic 
property1 5.  Many  researchers  have  considered  that  PMR 
was  the  origin  of  the  relaxor  behavior  with  an  optical 
isotropic  state”.  Therefore,  PMR  is  the  most  important 
factor  in  the  relaxor  behavior.  At  present,  there  are 
some  models  about  PMR  state,  i.e.,  (i)  superparaelectric 
model6,  (ii)  dipolar  and  spin  glass  model7,  (iii)  dipolar 
dielectric  with  random  field  model8  and  (iv)  breathing 
model9.  First  three  models  were  on  the  basis  of  flipping 
polar  vector  in  PMR  while  the  last  model  was  on  the 
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basis  of  fixed  polar  vector.  Therefore,  it  is  important  to 
understand  PMR.  However,  the  polar  state  in  PMR  has 
been  still  unclear,  and  moreover,  a  time  scale  and  a 
spatial  magnitude  in  PMR  were  also  unknown. 
Previously,  it  has  been  considered  that  chemically 
ordered  domains  (COD)  observed  by  TEM  might  be 
PMR,  but  Akbas  and  Devis1(M1  revealed  that  COD  did 
not  relate  with  the  relaxor  behavior. 

Nomura  et  al*  reported  that  a  DC-bias  exposure  on 
an  optical  isotropic  PZN  crystals  induced  a  ferroelectric 
state  with  normal  ferroelectric  domains.  This  means 
that  using  DC-bias  field,  two  states,  i.e.,  the  relaxor  and 
ferroelectric  states,  were  controlled  in  PZN  crystals. 
Therefore,  if  under  the  both  states,  some  symmetries 
with  various  time  scales  and  spatial  magnitudes  (Table 
I)  are  measured12,  it  can  be  expected  to  obtain  some 
important  informations  about  the  polar  state  in  PMR.  In 
this  study,  we  focused  two  kinds  of  symmetries.  One  is 
a  dynamic  and  local  symmetry  on  the  basis  of  the  lattice 
vibration  (phonon)  which  was  measured  by  a  Raman 
scattering  spectroscopy.  We  call  this  symmetry  a 
microscopic  symmetry  with  a  dynamic  time  scale  (t  < 
lnsec)  and  a  microscopic  spatial  magnitude  (d  < 
l~2nm).  The  other  is  a  statistic  and  macro  symmetry  on 
the  basis  of  the  domain  configuration  which  was 
observed  by  a  polarized  microscope.  We  call  this 
symmetry  a  macroscopic  symmetry  with  a  quasi-static 
time  scale  (t  >  10//sec)  and  a  macroscopic  spatial 
magnitude  (d  >  0.5  pm). 

Our  final  objective  is  to  elucidate  the  relaxor 
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Fig.  1  A  schematic  diagram  for  in-situ  Raman 
scattering  measurement. 


behavior  in  PZN  crystals  and  its  origin.  In  this  study, 
we  investigated  about  a  change  of  the  macroscopic  and 
microscopic  symmetries  under  DC-bias  field,  and 
discussed  about  PMR* 

2.  EXPERIMENTAL 

PZN  single  ciystals  were  grown  by  a  conventional 
flux  method  using  a  PbO  flux.  Further  details  on  the 
crystal  growth  were  reported  elsewhere13.  These  crystals 
were  oriented  along  [111]  direction  using  a  back 
reflection  Laue  method.  For  in-situ  domain  observation 
and  Raman  scattering  measurement  under  DC-bias  field, 
samples  were  prepared  by  polishing  to  an  optimum  size 
of  approximately  0.2x0.5x4mm3.  Their  top  and  bottom 
surfaces  (0.5x4mm2)  were  mirror-polished,  normal  to  an 
incident  light  Gold  electrodes  were  sputtered  on  both 
sides  (0.2x4mm2)»  and  the  width  between  electrodes  was 


around  0.5mm  along  [111]  direction,  as  shown  in  Fig.  1. 
The  details  were  described  elsewhere1*15.  Domain 
configuration  was  always  observed  under  crossed-nicols 
using  a  polarized  microscope  (Carl  Zeiss,  D-7082).  DC- 
bias  exposure  was  done  along  [111]  direction,  being 
normal  to  the  incident  polarized  light,  using  a  Trek 
610D  high-voltage  DC  amplifier.  Raman  scattering 
spectra  under  DC-bias  were  measured  in  the  backward 
scattering  geometiy  using  a  Raman  scattering 
spectrometer  with  a  triple  monochromator  (Jobin-Yvon, 
T64000).  DC-bias  exposure  was  done  in  the  same  way 
as  that  in  domain  observation.  The  top  surface 
(0.5x4mm2)  was  excited  by  unpolarized  and  polarized 
Ar  ion  laser  with  a  wavelength  of  514.5nm  and  power 
below  20W/cm2.  The  details  are  described  elsewhere16. 

3.  RESULTS  AND  DISCUSSION 
5.1  in-situ  domain  observation  under  DC-bias  field: 
In-situ  domain  observation  was  done  at  25°C.  Figs. 
2(a)-(l)  show  domain  configurations  under  various  DC- 
bias  fields  from  0  to  39kV/cm.  Fig.  2(a)  indicates  a 
micrograph  before  a  DC-bias  exposure.  When  this 
crystal  was  rotated  under  fixed  crossed-nicols,  all 
regions  in  PZN  crystal  were  always  dark,  except  for 
some  surface  scratch.  This  means  that  the  PZN  crystal 
before  the  DC-bias  exposure  was  the  relaxor  state  with 
the  optical  isotropic  property.  Therefore,  its  indicatrix 
was  a  perfect  sphere17,  and  thus  its  macroscopic 
symmetry  was  assigned  to  the  highest  symmetry  of 
m3m. 

With  increasing  DC-bias  field,  ferroelectric  domains 
appeared  near  the  electrodes  and  grew.  From  15  to 
21kV/cm,  the  coexistence  of  relaxor  regions  and 
ferroelectric  domains  was  observed  in  Figs.  2(b)-(d). 
Above  27kV/cm,  all  regions  completely  became  to 
ferroelectric  regions.  The  domain  configuration  was 
analyzed  crystal lographically,  and  these  domain  walls 
were  assigned  to  109°  domain  walls  of  {100}  planes18. 


Fig.  2  Domain  configuration  under  various  DC-bias  fields  from  0  to  39kV/cm  at  25°C. 


Satoshi  Wada  et  al.  Transactions  of  the  Materials  Research  Society  of  Japan  25  [  I  ]  19-24  (2000) 


21 


Fig.  2  Domain  configuration  under  various  DC-bias  fields  from  0  to  39kV/cm  at  25°C.  (cont.) 


This  domain  configuration  revealed  that  its  macroscopic 
symmetry  was  assigned  to  rhombohedral  symmetry  3m. 
Moreover,  the  DC-bias  exposure  above  30kV/cm 
reduced  domain  wall  density  (Figs.  2(f)-(g»,  and  around 
39kV/cm,  most  of  PZN  crystal  became  to  a  single 
domain  state  (Fig.  2(h)). 

On  the  other  hand,  with  decreasing  DC-bias  field, 
new  domains  appeared  near  the  electrodes  (Fig.  2(i)), 
and  grew,  as  shown  in  Figs.  2(j)-(k).  Finally  a 
multidomain  state  was  observed  without  DC-bias  field 
(Fig.  2(1)).  It  should  be  noted  that  under  no  DC-bias 
field,  its  macroscopic  symmetry  after  DC-bias  exposure 
was  assigned  to  3m  acentric  symmetry.  The  above 
result  showed  that  the  macroscopic  symmetry  in  PZN 
crystal  was  changed  from  m3m  to  3m  by  the  DC-bias 
exposure.  Thus,  we  consider  this  phenomenon  as  a  kind 
of  phase  transition  induced  by  an  electric-field.  The 
ferroelectric  state  in  Fig.  2(1)  was  completely 
disappeared  by  annealing  at  250°C  for  16h,  and  returned 
to  the  relaxor  state  as  shown  in  Fig.  2(a). 

3.2  in-situ  Raman  scattering  measurement  under  DC- 
bias  field: 

In-situ  Raman  scattering  measurement  was  done  at  25°C 
using  polarized  and  unpolarized  lights.  Through  this 
manuscript,  the  scattering  configuration  is  denoted  by 
A(BC)A,  which  means  that  the  incident  light  polarized 
along  "B"  direction  propagates  along  "A"  direction,  and 
the  scattered  light  polarized  along  "C"  direction 
propagates  along  opposite  "A"  direction  (A).  In  domain 
observation,  we  used  " cubic-axis”  notation  system  such 
as  [111],  but  in  Raman  scattering  measurement,  we 
changed  the  notation  system  from  " cubic-axis "  notation 
system  to  " principle-axis "  notation  system.  In  3m 
rhombohedral  crystal,  [lIO],  [112]  and  [111]  in  "cubic- 
axis*  notation  system  (Fig.  1)  correspond  to  X,  Y  and  Z 
in  " principle-axis "  notation  system,  respectively.  In  this 
study,  Raman  scattering  measurement  was  done  in  three 
kinds  of  backward  scattering  geometries,  i.e .,  X(NN)X, 


X(ZZ)X  and  X(ZY)X  (N:  unpolarized  light). 

Fig.  3  shows  Raman  scattering  spectra  measured  in 
X(NN)X  geometry  under  upward  DC-bias  field  from  0 
to  28.4kV/cm  while  Fig.  4  shows  those  measured  under 
downward  DC-bias  field  from  28.4  to  0.04kV/cm.  In 
Raman  spectra  using  unpolarized  lights,  all  Raman- 
active  phonon  modes  could  be  observed.  PZN  crystal 
before  DC-bias  exposure  exhibits  12  peaks,  as  shown  in 
the  bottom  of  Fig.  3.  XRD  measurement  using  crashed 
PZN  crystals  was  assigned  to  rhombohedral  3m 
symmetry13.  If  a  microscopic  symmetry  on  the  basis  of 
phonon  is  3m  symmetry,  there  are  14  Raman-active 
modes,  i.e.y  3A1(TO)+3A1(LO>f4E(TO)+4E(LO).  Thus, 
we  regarded  the  microscopic  symmetiy  of  PZN  crystal 
before  DC-bias  exposure  as  3m  symmetry. 

With  increasing  DC-bias  field  to  28.4kV/cm,  the 
peak  positions  and  their  FWHM  did  not  change  while 
only  intensity  of  some  peaks  changed  irregularly, 
especially  peaks  around  600.9  and  784.6cm '.  Now,  we 
can  not  assign  these  Raman  peaks  to  the  corresponding 
phonon  modes.  Peak  position  means  vibration  energy 
and  peak  FWHM  means  damping  of  phonon.  Thus,  no 
change  of  peak  position  means  that  the  microscopic 
symmetries  before  and  after  DC-bias  exposure  were  the 
same,  and  no  change  of  peak  FWHM  also  indicates  that 
the  phonon  damping  states  did  not  change  by  the  DC- 
field  exposure. 

With  decreasing  DC-bias  field  from  28.4  to 
0.04kV/cm,  peak  positions  and  their  FWHM  also  did  not 
change  whereas  only  intensity  of  some  peaks  changed 
irregularly  (Fig.  4).  Therefore,  the  above  result  revealed 
that  the  microscopic  symmetry  of  3m  and  phonon  state, 
except  for  the  intensity,  did  not  change  between  the 
relaxor  and  the  ferroelectric  states. 

Fig.  5  shows  Raman  scattering  spectra  measured  in 
X(ZZ)X  geometry  under  upward  DC-bias  field  from  0  to 
28.4kV/cm  while  Fig.  6  shows  those  measured  under 
downward  DC-bias  field  from  28.4  to  0.04kV/cm.  If  3m 
crystals  is  a  single  domain  state,  Raman  scattering 
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Fig.  3  Raman  scattering  spectra  measured  in  X(NN)X 


geometry  under  upward  DC-bias  fields. 


Fig.  5  Raman  scattering  spectra  measured  in  X(ZZ)X 
geometry  under  upward  DC-bias  fields. 

spectra  measured  in  the  X(ZZ)X  geometry  exhibit  only 
mixed  modes  of  A,(TO)  and  A/LO).  With  increasing 
DC-bias  field  from  0  to  28.4kV/cm,  no  change  in  peak 
positions,  their  FWHM  and  intensity  was  observed  (Fig. 

5).  Similarly,  With  decreasing  DC-bias  field  from  28.4 
to  OkV/cm,  no  change  in  peak  positions,  their  FWHM 
and  intensity  was  also  observed  (Fig.  6).  A,  modes  are 
phonon  modes  vibrating  along  Z  axis.  This  means  that 


Fig.  4  Raman  scattering  spectra  measured  in  X(NN)X 
geometry  under  downward  DC-bias  fields. 


Fig.  6  Raman  scattering  spectra  measured  in  X(ZZ)X 
geometry  under  downward  DC-bias  fields. 


the  phonon  state  along  Z  axis  was  not  affected  by  DC- 
bias  exposure.  Therefore,  about  AJ  modes,  there  was  no 
difference  between  the  relaxor  and  ferroelectric  states. 

Fig.  7  shows  Raman  scattering  spectra  measured  in 
X(ZY)X  geometry  under  upward  DC-bias  field  from  0 
to  28.4kV/cm  while  Fig.  8  shows  those  measured  under 
downward  DC-bias  field  from  28.4  to  0.04kV/cm.  If  3m 
crystals  is  a  single  domain  state,  Raman  scattering 
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Fig.  7  Raman  scattering  spectra  measured  in  X(ZY)X 
geometry  under  upward  DC-bias  fields. 


spectra  measured  in  the  X(ZY)X  geometry  exhibit  only 
mixed  modes  of  E(TO)  and  E(LO).  With  increasing 
DC-bias  field  from  0  to  28.4kV/cm,  the  peak  positions 
and  their  FWHM  did  not  changed  while  only  their 
intensity,  especially  the  intensity  of  some  peaks  with 
higher  frequencies,  changed  irregularly  (Fig.  7). 
Moreover,  with  decreasing  DC-bias  field  from  28.4  to 
OkV/cm,  the  similar  tendencies  were  observed  (Fig.  8). 
E  modes  are  phonon  modes  vibrating  along  X  or  Y  axis. 
This  result  suggests  that  the  irregular  change  of  some 
peak  intensity  in  Fig.  3  was  originated  from  the  change 
of  peak  intensity  in  E  modes.  However,  all  peak 
frequencies  and  their  FWHM  did  not  changed,  which 
indicates  that  the  microscopic  symmetry  and  phonon 
damping  were  not  affected  by  DC-bias  exposure.  At 
present,  we  can  not  explain  the  change  of  intensity  in  E 
modes.  Perhaps,  a  contribution  of  the  109°  domain  wall 
motion  to  the  phonon  intensity  by  DC-bias  exposure 
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Fig.  8  Raman  scattering  spectra  measured  in  X(ZY)X 
geometry  under  downward  DC-bias  fields. 


may  be  more  significant  along  X  or  Y  direction  than 
along  Z  direction. 

Raman  scattering  measurement  of  PZN  crystals  using 
DC-bias  field  revealed  that  its  microscopic  symmetry  of 
3m  and  phonon  damping  did  not  change  between  the 
relaxor  and  ferroelectric  states. 

3.3  Change  of  macroscopic  and  microscopic  symmetries 
by  DC-bias  field: 

Table  II  shows  the  macroscopic  and  microscopic 
symmetries  in  virgin  PZN  crystal  before  DC-bias 
exposure.  In  the  relaxor  state  with  the  optical  isotropic 
property,  its  macroscopic  symmetry  was  assigned  to 
centrosymmetrical  m3m  while  its  microscopic  symmetry 
was  assigned  to  acentrosymmetrical  5m,  i.e.,  a 
symmetry  with  a  spontaneous  polarization,  as  shown  in 
Table  II.  This  difference  between  two  symmetries 
suggests  that  PZN  crystal  with  the  relaxor  state  had  a 
disorder  system  in  the  structure. 

On  the  other  hand,  in  the  PZN  crystal  with  the 
ferroelectric  domains,  the  both  macroscopic  and 
microscopic  symmetries  were  assigned  to 
acentrosymmetrical  5m,  i.e.,  a  symmetry  with  a 
spontaneous  polarization,  as  shown  in  Table  III.  Thus, 
no  difference  between  two  symmetries  indicates  that  in 
the  ferroelectric  state  after  the  DC-bias  exposure,  there 
was  no  disorder  system.  Thus,  this  study  revealed  that 
for  the  relaxor  state,  the  existence  of  the  disorder  system 
in  the  structure  is  an  important  factor.  This  supports  the 
validity  of  some  models  using  "flipping  polar  vector"** 
as  the  origin  of  relaxor  behavior.  It  should  be  also  noted 
that  in  the  both  states,  i.e.,  relaxor  and  ferroelectrics  in 
PZN,  their  microscopic  symmetries  were  assigned  to 
same  5m,  and  there  was  no  difference  between  phonon 
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damping  states.  In  BaTi03  single-domain  crystal,  it  was 
known  that  just  above  Tc  of  133°C,  phonon  damping 
increased  remarkably,  which  suggested  a  coupling 
between  phonon  frequency  and  flipping  frequency  of 
polar  vector12.  On  the  other  hand,  in  PZN  crystal, 
phonon  damping  was  almost  same  between  relaxor  and 
ferroelectric  states.  This  means  that  the  origin  of  relaxor 
behavior  is  "flipping  polar  vector"  in  PMR. 

Therefore,  to  clarify  relaxor  behavior,  it  is  important 
to  investigate  other  symmetries  with  intermediate  time 
scale  and/or  mesoscopic  spatial  magnitude  under  DC- 
bias  field.  Our  next  strategy  is  to  study  a  symmetry  with 
dynamic  time  scale  (t  <  lnsec)  and  mesoscopic  spatial 
magnitude  (2nm  <  d  <  0.5//m).  This  symmetry  can  be 
measured  by  a  Brillouin  scattering  spectroscopy  under 
DC-bias  field.  We  expect  that  in  this  symmetry,  some 
difference  will  be  obtained  between  the  relaxor  and 
ferroelectric  states. 

4.  CONCLUSION 

Using  pure  PZN  single  ciystal,  two  kinds  of 
symmetries  were  measured  by  a  polarized  microscope 
and  a  Raman  scattering  spectroscopy  under  DC-bias 
field.  In  the  relaxor  state,  its  macroscopic  symmetry  on 
the  basis  of  domain  observation  was  assigned  to  the 
highest  symmetry  m3m.  However,  DC-bias  exposure  to 
PZN  crystal  with  the  relaxor  state  induced  the 
ferroelectric  domains.  This  domain  configuration  was 
analyzed  ciystallographically,  and  its  macroscopic 
symmetry  was  assigned  to  acentrosymmetric  3m.  On 
the  other  hand,  Raman  scattering  spectra  exhibited  no 
change  under  between  relaxor  and  ferroelectric  states. 
Thus,  their  microscopic  symmetries  of 
acentrosymmetric  3m  did  not  changed  in  the  both  states. 
These  results  revealed  that  for  the  relaxor  state,  the 
existence  of  the  disorder  system  in  the  structure  is 
important.  Moreover,  this  study  also  suggested  that  it  is 
important  to  investigate  a  mesoscopic  symmetry  in  order 
to  obtain  valuable  informations  about  PMR. 
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Pure  Pb(Zn1/3NbZG)03  (=PZN)  single  crystal  is  the  typical  relaxor  ferroelectrics  with  an  optical  isotropic  property. 
However,  PZN  crystals  with  defects  showed  a  defect-induced  domain  configuration  with  very  small  birefringence.  This 
birefringence  decreased  drastically  around  120°C  and  this  decrease  suggested  the  change  of  the  polar  state  in  polar  micro 
regions  (PMR)  at  120°C  under  a  weak  stress-field.  Moreover,  polarization  and  strain  behaviors  showed  normal 
ferroelectric  hysteresis  below  120°C  and  double  hysteresis  loop  above  120°C.  This  difference  suggested  that  there  was  a 
transition  around  120°C  between  relaxor  states  under  no  electric(E)-field  and  ferroelectric  domains  under  a  high  E-field. 
The  temperature  dependence  of  dielectric  constant  in  as-grown  PZN  crystal  showed  a  strong  frequency  dependence.  On 
the  other  hand,  the  dielectric  property  in  the  PZN  crystal  poled  at  20°C  showed  no  frequency  dependence  below  110°C 
while  the  strong  frequency  dependence  reappeared  above  1 10°C.  The  above  results  revealed  that  under  bias  fields  such 
as  stress  and  E-fields,  all  anomalous  changes  were  observed  around  110~120°C,  while  under  no  bias  field,  there  was  no 
change  around  120°C.  We  concluded  that  the  significant  change  around  110~120°C  observed  under  bias  fields  was  a 
kind  of  transition  between  flipping  and  frozen  polar  directions  in  PMR. 

Key  word:  PZN  single  crystal,  defect-induced  domain,  polar  micro  regions,  relaxer  behavior,  bias  field 
1.  INTRODUCTION 

PZN  single  crystal  is  the  typical  relaxor  ferroelectrics 
with  a  maximum  dielectric  constant  around  140°C,  and 
has  an  optical  isotropic  property55.  Many  researchers 
have  considered  that  PMR  is  the  origin  of  the  relaxor 
behavior  with  an  optical  isotropic  state*9.  Therefore, 

PMR  is  the  most  important  factor  in  the  relaxor 
behavior.  At  present,  there  are  some  models  about  PMR 
state,  i.e.,  (i)  superparaelectric  model6,  (ii)  dipolar  and 
spin  glass  model7,  (iii)  dipolar  dielectric  with  random 
field  model8  and  (iv)  breathing  model9.  First  three 
models  are  on  the  basis  of  flipping  polar  vector  in  PMR, 
whereas  the  last  model  is  on  the  basis  of  fixed  polar 
vector.  Therefore,  it  is  important  to  understand  PMR, 
but  the  polar  state  in  PMR  has  been  still  unclear. 

Previously,  it  was  considered  that  chemically  ordered 
domains  (COD)  observed  by  TEM  might  be  PMR,  but 
Akbas  and  Devis,tM1  revealed  that  COD  did  not  relate 
with  the  relaxor  behavior. 

Nomura  et  al.  reported  that  a  DC-bias  exposure  on  an 
optical  isotropic  PZN  crystals  induced  a  ferroelectric 
state  with  normal  ferroelectric  domains5.  However,  in 
PZN  single  crystal  with  the  inhomogeneous  defect 
structure,  a  domain-like  configuration  with  very  low 
birefringence  was  observed  clearly  under  crossed-nicols, 
as  shown  in  Fig.  I12.  This  domain-like  pattern  was 
investigated  ciystallographically,  and  it  was  clarified 
that  this  pattern  was  due  to  the  polar  vector  ordered  by  a 
weak  stress-field  originated  from  the  physical  defects12. 

We  called  this  pattern  a  "defect-induced  domain 
configuration".  The  study  on  the  defect-induced  domain 
possibly  gives  important  information  on  relaxor 
mechanism  in  PZN  crystals  because  the  defect-induced 
domain  involves  the  direct  information  on  PMR. 

Our  final  objective  is  to  elucidate  the  relaxor 
behavior  in  PZN  crystals  and  its  origin.  In  this  study, 


we  investigated  the  defect-induced  domain,  dielectric 
properties,  polarization  and  strain  as  a  function  of 
temperature  and  bias  field. 

2.  EXPERIMENTAL 

PZN  single  crystals  were  grown  by  a  conventional 
flux  method  using  a  PbO  flux.  Further  details  on  the 
ciystal  growth  were  reported  elsewhere53.  These  ciystals 
were  oriented  along  [111]  direction  using  a  back 
reflection  Laue  method.  For  in-situ  domain  observation 
from  -100°C  to  200°C,  thin  crystals  with  thickness  of 
around  50  pm  and  two  mirror-polished  (111)  surfaces 
were  prepared.  Domain  configuration  was  observed 
under  crossed-nicols  at  transmittance  configuration 
using  a  polarizing  microscope  (Carl  Zeiss,  D-7082). 
Prior  to  the  domain  observation,  all  ciystals  were 
annealed  at  250°C  for  15hr  in  air  in  order  to  remove 
ferroelastic  domains.  On  the  other  hand,  samples  with  a 
size  around  2x2x0.2  mm3  were  prepared  for  the 
measurements  of  dielectric  constant  and  polarization. 


Fig.  1  Domain  configuration  of  PZN  single  crystal 
oriented  along  [111]. 
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Fig.  2  Temperature  dependence  of  birefringence  An 
in  the  defect-induced  domain. 

Dielectric  properties  were  measured  using  a 
multifrequency  LCR  meter  (HP4274A  and  HP4275A) 
while  polarization  and  strain  were  measured  at  0.2Hz 
using  a  modified  Sawyer-Tower  circuit  and  a  linear 
variable  differential  transducer  (LVDT). 

3.  RESULTS  AND  DISCUSSION 

3.1  Temperature  dependence  of  the  defect-induced 

domain  configuration: 

ln-situ  domain  observation  was  done  at  temperatures 
from  -100°C  to  200°C.  Between  -100°C  and  110°C,  the 
domain  configuration  did  not  changed  while  its 
birefringence  slightly  increased  with  decreasing 
temperature.  This  slight  increase  of  the  birefringence 
suggests  an  increase  of  spontaneous  polarization.  On 
the  other  hand,  a  drastic  decrease  of  the  birefringence 
was  observed  between  110°C  and  120°C,  as  shown  in 
Fig.  2,  although  the  domain  configuration  was  still 
observed  even  at  200°C12.  Pure  PZN  crystal  has  a  strong 
frequency  dependence  of  dielectric  property.  Yokomizo 
and  Nomura3  reported  that  the  temperature  at  maximum 
dielectric  constant  (T„J  extrapolated  to  the  zero 
frequency  was  estimated  to  be  about  120°C.  This 
temperature  was  corresponded  to  the  change  of 


birefringence  in  this  study.  Previously,  we  reported  that 
the  origin  of  the  defect-induced  domain  was  assigned  to 
the  ordered  PMR,  in  which  the  polar  directions  in  PMR 
were  ordered  by  the  weak  stress-field,  in  the  disordering 
PMR  matrix  with  the  randomly  oriented  polar  vectors12. 
Therefore,  this  significant  birefringence  change  around 
120°C  means  the  change  of  polar  states  in  the  ordered 
PMR.  Crystallographically,  the  birefringence  is 
proportional  to  the  magnitude  of  crystal  anisotropy. 
Thus,  as  the  origin  of  the  change  of  birefringence,  the 
following  factors  would  be  considered,  i.e.,  (1)  the 
change  of  spontaneous  polarization,  (2)  the  volume 
change  of  the  ordered  PMR,  and  (3)  the  change  of 
flipping  behavior  in  the  ordered  PMR. 

3.2  Temperature  dependence  of  polarization  and  strain: 
To  investigate  the  origin  of  the  above  drastic  change  of 
the  birefringence  around  120°C,  both  polarization  and 
strain  were  measured,  as  shown  in  Figs.  3  and  4.  Fig. 
3(a)  shows  a  normal  ferroelectric  hysteresis  loop  at 
25  °C.  This  is  because  although  PZN  crystal  was  a 
relaxor  before  E-field  exposure,  the  poled  PZN  crystal 
changed  to  a  normal  ferroelectrics  with  ferroelectric 
domains12.  In  Figs.  3(a)-(c),  with  increasing  temperature 
from  25  °C  to  110°C,  the  spontaneous  polarization 
decreased  slightly  while  the  coercive  field  decreased 
significantly.  Around  120°C,  polarization  curve  became 
to  a  double  hysteresis  loop  (Fig.  3(d)).  The  appearance 
of  double  hysteresis  means  that  ferroelectric  domains 
induced  by  E-field  did  not  exist  stably  at  120°C,  and 
disappeared  easily  by  the  removal  of  E-field,  i.e.,  polar 
directions  ordered  along  applied  E-field  changed  to 
polar  directions  randomly  oriented  between  eight 
equivalent  <11 1>  directions  without  E-field.  On  the 
contrary,  below  120°C,  the  ferroelectric  domains 
induced  by  E-field  existed  stably  despite  the  removal  of 
E-field.  We  consider  that  this  difference  is  originated 
from  the  difference  of  the  thermal  fluctuation  between 
below  and  above  120°C.  In  other  words,  below  120°C, 
the  polar  directions  ordered  by  E-field  were  frozen 


Fig.  3  Temperature  dependence  of  polarization  in  PZN  single  ciystal  measured  at  0.2Hz  using  a  triangle  wave  function. 


Satoshi  Wada  et  al.  Transactions  of  the  Materials  Research  Society  of  Japan  25  [1]  281-284  (2000) 


283 


-40  -20  0  20  40 

E/kV-cm'1 


-40  -20  0  20 .  40 

-40  -20  0  20  40 

E/kV-cm'1 

-40 

-20  0  20  40 

E/kV-cm’1 

0.3 

E/kV-cm'1 

0.3 

0.3 

0-3  i- 

;  (e)  130’C 

;  (f)  150’C 

(g)  170’C 

-vP 

^0.2 

^0.2 

i 

^0.2 

* 

sO 

^0.2  - 

C 

2 

*5  0.1 
CO 

'M/'i 

C 

2 

hai 

CO 

Sj/H 

C 

2 

is  0.1 
CO  ' 

s 

j 

c 

2 

+30.1  - 

CO  „ 

«J  1  // 

W-— . 

n 

. 3*/ . 

o 

o  - 

0 

u 

■  1,1,.  . 

-40  -20  0  20  40 

E/kV-cm’1 


‘  (h)  200’C 

-40  -20  0  20  40 

E/kV-cm'1 


E/kV-cm'1  E/kV-cm’1 

Fig.  4  Temperature  dependence  of  strain  in  PZN  single  crystal  measured  at  0.2Hz  using  a  triangle  wave  function. 


without  bias,  whereas  above  120°C,  the  polar  vector 
ordered  by  E-field  flipped  between  eight  equivalent 
polar  directions  by  the  thermal  fluctuation  without  E- 
field.  This  result  supported  the  "superparaelectric 
model"  proposed  by  Cross6.  Above  170°C,  hysteresis 
behavior  disappeared  completely  (Fig.  3(g)),  and  with 
increasing  temperature  from  170°C  to  200°C,  nS"  curves 
approached  to  linear.  The  polar  state  of  PMR  above 
170°C  was  almost  similar  to  that  observed  in  pure 
Pb(Mg13NbM)03  (PMN)  around  room  temperature6. 
These  results  were  corresponded  to  in  situ  domain 
observation  of  PZN  crystals  under  AC-bias  field 
reported  by  Mulvihill14. 

The  strain  behavior  as  a  function  of  E-field  shows 
almost  the  same  behavior  as  that  of  the  polarization. 
The  strain  behavior  at  25 °C  (Fig.  4(a))  looks  like  normal 
ferroelectric  one  characterized  by  the  domain 
reorientation.  Below  110°C,  hysteresis  due  to  domain 
reorientation  was  also  observed  in  Figs.  4(a)-(c). 
However,  above  120°C  (Figs.  4(d)-(h)),  all  strain  curves 
indicated  zero  strain  at  the  zero  E-field.  However,  from 
120°C  to  150°C,  the  hysteresis  behavior  was  observed 
clearly  under  high  E-field.  This  observation  suggests 
that  above  zero  E-field,  the  ferroelectric  domain 


Fig.  5  Temperature  dependence  of  dielectric  constant 
in  as-grown  PZN  single  crystal. 


structure  was  induced,  and  also  supports  the  prediction 
from  Fig.  3  that  around  120°C,  the  ferroelectric  domains 
were  induced  by  electric-field.  Above  170°C,  no 
hysteresis  was  observed  (Figs.  4(g)-(h))  and  this  is 
almost  similar  to  the  electrostrictive  strain  behavior6. 
This  also  means  that  there  was  no  domain  reorientation 
above  170°C. 

The  polarization  and  strain  behaviors  revealed  that 
around  120°C,  the  polar  vector  in  PMR  is  flipping 
between  eight  equivalent  <11 1>  directions  without  E- 
field,  whereas  under  E-field,  its  polar  direction  is 
oriented  along  the  applied  E-field  directions.  Moreover, 
it  should  be  noted  that  although  the  spontaneous 
polarization  decreased  with  increasing  temperature, 
there  was  no  drastic  decrease  around  120°C  in  their 
spontaneous  polarization.  This  means  that  the  origin  of 
the  change  of  birefringence  around  120°C  was  not 
assigned  to  the  change  of  spontaneous  polarization.  The 
observation  of  the  E-field  induced  transition  between 
relaxor  and  ferroelectrics  around  120°C  suggests  that  the 
change  of  the  birefringence  around  120°C  is  originated 
from  the  change  of  flipping  behavior  of  polar  vector  in 
the  PMR. 


33  Temperature  dependence  of  dielectric  properties: 


Fig.  6  Temperature  dependence  of  dielectric  constant 
in  PZN  single  crystal  poled  at  20°C. 
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Fig.  5  shows  temperature  dependence  of  dielectric 
constant  for  the  as-grown  PZN  single  crystal  along 
[111]*  Dielectric  constant  and  T,^  measured  at  100Hz 
was  around  60000  and  134°C,  respectively,  and 
shifted  to  higher  temperatures  with  increasing 
frequency,  whereas  dielectric  constant  also  decreased  at 
the  same  way  as  that  of  T^13.  Moreover,  it  should  be 
noted  that  the  PZN  crystal  with  the  defect-induced 
domain  exhibited  almost  the  same  dielectric  properties 
with  those  in  Yokomizo's  isotropic  PZN3"*.  The  optical 
isotropic  PZN  crystals  showed  no  anomalous  change 
around  120°C  in  dielectric  properties.  The  difference 
between  two  PZN  crystals  is  the  existence  of  stress- 
field. 

The  observation  of  the  defect-induced  domain  using 
a  polarized  microscope  directly  indicated  the  existence 
of  PMR  with  the  polar  vector  frozen  by  a  weak  stress- 
field.  The  temperature  dependence  of  the  birefringence 
showed  that  the  polar  state  in  PMR  changed  remarkably 
around  120°C,  whereas  the  defect-induced  domain  was 
still  remained  at  200°C.  On  the  contrary,  the 
polarization  and  strain  behaviors  in  the  PZN  crystal  with 
the  defect-induced  domain  exhibited  that  above  120°C, 
most  of  PMR  had  the  flipping  polar  vector  under  no  E- 
field,  and  a  contribution  of  PMR  with  the  frozen  polar 
vector  was  not  observed  (Figs.  3  and  4).  These  results 
suggested  that  a  volume  fraction  of  PMR  with  the  fixed 
polar  direction  was  a  little.  Thus,  the  similar  dielectric 
properties  in  between  two  kinds  of  PZN  crystals  were 
explained  by  the  above  reason. 

Fig.  6  shows  temperature  dependence  of  dielectric 
constant  measured  using  the  PZN  crystal  poled  at  20°C. 
Although  PZN  crystal  was  relaxor  before  E-field 
exposure,  PZN  crystal  after  E-field  exposure  was  normal 
ferroelectrics  with  domain  structure12.  In  Fig.  6,  below 
1 10°C,  no  frequency  dependence  in  dielectric  constants 
was  observed,  whereas  above  110°C,  the  normal 
frequency  dependence  was  observed.  This  indicates  that 
around  110°C,  the  ferroelectric  state  changed  to  the 
relaxor  state,  and  also  supports  that  around  110~120°C, 
the  fixed  polar  vector  changed  to  the  flipping  polar 
vector. 

3.4  Dipolar  behavior  in  PZN  crystals  under  bias  field: 

The  temperature  dependences  of  properties  measured 
under  stress-field  (Fig.  2)  and  E-field  (Figs.  3,  4  and  6) 
revealed  an  anomalous  change  around  110~120°C. 
Especially,  under  a  weak  stress-field,  the  anomalous 
change  was  the  transition  between  the  fixed  polar  vector 
and  the  flipping  one  in  PMR  around  120°C  while  under 
strong  E-field,  the  anomalous  changes  was  the  transition 
between  ferroelectric  one  and  relaxor  state  around 
1  KM20°C.  On  the  other  hand,  in  the  optical  isotropic 
PZN  crystal  without  any  bias  field3  and  the  PZN  ciystal 
with  a  weak  stress-field  (Fig.  5),  there  was  no 
anomalous  change  around  120°C  for  their  dielectric 
properties.  These  results  suggested  that  a  dipolar 
behavior  under  bias  field  is  completely  different  from 
that  under  no  bias  field.  In  Fig.  6,  below  110°C,  there 
was  no  frequency  dependence  of  dielectric  constants, 
whereas  in  Fig.  5,  below  110°C,  the  strong  frequency 


dependence  was  observed.  This  difference  may  be 
caused  by  a  difference  of  dipolar  behavior,  i.e.,  the  fixed 
polar  direction  under  bias  field  and  the  flipping  polar 
direction  under  no  bias  field.  This  means  that  the  origin 
of  relaxor  behavior  is  the  flipping  polar  direction  in 
PMR.  Ohwa  et  a/.15  measured  the  temperature 
dependence  of  Raman  scattering  using  PZN  ciystals, 
and  reported  that  Raman  spectra  did  not  change 
significantly  from  25°C  to  200°C.  Wada  et  al  measured 
E-field  dependence  of  Raman  scattering  in  PZN  ciystals, 
and  also  reported  that  Raman  spectra  did  not  change  in 
the  both  relaxor  and  feiToelectric  states16.  These  results 
indicated  that  in  the  phonon  frequency  region  of 
GHz~THz  order,  there  is  no  difference  between  relaxor 
and  ferroelectric  states.  This  suggests  that  the  flipping 
frequency  of  polar  vector  is  much  slower  than  phonon 
frequency.  To  clear  flipping  frequency  for  relaxor 
behavior,  more  study  is  required. 

4.  CONCLUSION 

Using  the  PZN  crystal  with  the  defect-induced 
domain,  its  temperature  dependence  was  investigated. 
As  a  result,  its  birefringence  decreased  significantly 
around  120°C  and  this  decrease  suggested  the  change  of 
the  polar  state  under  a  weak  stress-field,  i.e.,  a  transition 
between  the  fixed  and  flipping  polar  directions  in  PMR. 
Their  polarization  and  strain  behaviors  also  showed  the 
transition  between  ferroelectric  state  and  relaxor  one 
around  120°C  under  a  high  E-field.  In  the  PZN  crystal 
poled  at  20°C,  its  dielectric  properties  showed  no 
frequency  dependence  of  dielectric  constants  below 
110C  and  the  strong  frequency  dependence  reappeared 
above  110°C.  These  results  showed  that  under  some 
bias  fields,  the  polar  state  in  PMR  changed  around 
120  C.  We  concluded  that  the  change  around 
110~120°C  was  the  transition  between  flipping  and 
frozen  polar  directions  in  PMR. 
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Abstract:  Switching  current  measurements  have  been  carried  out  on  relaxor  ferroelectric  single  crystal  - 
pure  PZN,  and  the  solid  solution  (1-x)  Pb(Znj/sNb2^)03  -  x  PbTi03  with  x=  0.04,  0.09 ,  0.10.  Measurements  have 
been  done  for  crystallographic  directions  [001]  and  [111]  for  all  these  compositions.  Switching  times  versus  the 
applied  field  showed  the  following  results.  Pure  PZN  along  [111]  and  0.90PZN  -  0.1  OPT  along  [001],  and  [111] 
showed  an  exponential  dependence.  Along  [001]  the  PZN  showed  a  linear  fit.  For  solid  solution  single  crystals- 
0.96PZN  -0.04PT  and  0.91  PZN  -  0.09PT,  a  linear  fit  was  obtained  for  the  reciprocal  switch  times  versus  applied 
field  for  both  the  directions.  If  we  draw  a  parallel  picture  with  the  reported  barium  titanate  data,  it  appears  that  the 
polarization  reversal  is  controlled  by  nucleation  along  [111]-  spontaneous  direction  for  PZN  and  [001],  [111]  for 
0.90PZN-  0.1  OPT.  The  mobility  of  the  reversed  domains  controls  the  reversal  along  [001]  for  PZN  and  the  solid 
solution  single  crystals  with  rhombohedral  composition  along  [ 001 ]  and  [111],  The  transient  current  curves  showed 
two  maximum  points  for  crystals  with  x  .=  0.04  and  0.09 .  This  is  attributed  to  the  co-existence  of  the  two  phases  in 
0.96PZN  -0.04PT  and  0.91PZN -  0.09PT crystals. 

INTRODUCTION 

Measurement  of  switching  current  to  study  the  polarization  reversal  phenomena1  is  well  known. 
In  this  method,  a  series  of  symmetric  bipolar  voltage  pulse  which  produces  polarization  reversal  is  applied 
to  the  crystal  and  the  transient  current  measured  across  a  resistor  connected  in  series  with  the  sample. 
Information  on  polarization  reversal  processes  was  obtained  by  switching  current  measurements  for 
BaTiOs  (BT)2*3.  These  measurements  for  BT  showed  that  the  total  polarization  reversal  time  depends  on 
the  applied  field. 

Such  transient  current  studies  have  not  been  carried  out  on  relaxor  ferroelectric  single  crystals 
such  as  Pb(Zniy3  Nb2^)03  (PZN)  and  their  solid  solutions  with  PbTi03  (PT).  In  this  paper,  the  experimental 
results  of  switching  current  measurements  for  PZN,  PZN  -  PT  single  crystals  and  their  dependence  on 
crystal  orientation  are  presented.  Their  switching  behavior  is  examined  in  terms  of  the  presently  accepted 
model  of  domain  nucleation  and  growth. 

Single  crystals  of  0.91PZN-  0.09PT  are  known  to  show  very  high  values  of  electromechanical 
coupling  factor  k33  of  92-95  %  and  piezoelectric  constant  d33  of  2500  pC/N*’5.  In  this  system,  PZN  having 
rhombohedral  symmetry  is  a  relaxor  ferroelectric  material  which  undergoes  a  diffuse  phase  (frequency 
dependent)  transition  around  140°C.  On  the  other  hand  lead  titanate  PT  having  a  tetragonal  symmetry  is  a 
normal  ferroelectric  with  a  sharp  phase  transition  at  490°C.  These  two  composition  form  a  solid  solution 
system  with  a  morphotropic  phase  boundary  (MPB)  around  0.91PZN-0.09PT.  It  has  to  be  mentioned  that 
the  giant  values  of  k33  and  d33  are  obtained  for  crystals  with  rhombohedral  composition  with  spontaneous 
polarization  along  [111]  is  poled  along  [001].  This  direction  is  the  spontaneous  polarization  direction  for 
tetragonal  crystals. 

EXPERIMENTAL  DETAILS 

All  the  single  crystals  PZN  and  (l-x)PZN-  xPT  used  for  the  measurements  were  grown  the  lab  by  the  flux 
method.  The  crystal  direction  [001]  and  [111]  were  determined  by  Laue  back  reflection  method.  The 
crystals  were  then  cut  and  polished  to  form  rectangular  plates  with  the  desired  orientation  perpendicular  to 
major  feces.  The  thickness  of  all  the  samples  varied  from  0.20  mm  -  0.23  mm  and  the  area  was  around 
4mm  x  1.3mm.  Sputtered  gold  was  used  as  electrodes.  A  function  synthesizer  (DF  -194  digital  function 
synthesizer)  in  conjunction  with  an  amplifier  was  used  to  apply  rectangular  pulses  of  one  second  duration 
to  the  sample.  A  resistor  of  150  ohms  was  used  in  series  with  the  sample  and  voltage  across  it  was 
measured  using  oscilloscope  for  determining  the  switching  current.  A  representative  switching  current 
obtained  when  a  positive  pulse  is  applied  to  the  sample  is  shown  in  Fig.  1.  The  normal  displacement 
current  transient  obtained  when  the  second  positive  pulse  is  applied  is  also  shown  in  the  same  figure.  This 
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displacement  current  is  subtracted  to  obtain  the  actual  switching  current.  The  fields  applied  ranged  from  3- 
36  kV/cm.  The  switching  time  is  defined  here  as  the  time  taken  for  the  current  to  reduce  from  maximum 
to  1/10  of  the  maximum.  The  field  was  applied  along  [001]  and  [111]  crystallographic  directions.  All 
these  crystals  have  rhombohedral  compositions.  The  spontaneous  polarization  for  rhombohedral 
composition  is  along  [111]  and  that  for  tetragonal  is  along  [001]  respectively. 


Fig.  1  A  representative  switching  and  the  corresponding  displacement  current.  The  two  are  subtracted  to 
get  the  actual  switching  current. 


RESULTS 

Figure  2  shows  the  transient  current  associated  with  switching  for  PZN,  0.96PZN  -0.04PT  and  0.91PZN  - 
0.09PT  single  crystals.  We  will  name  them  crystals  A,  B  and  C  for  discussion  purposes.  It  has  to  be 
mentioned  that  the  time  scale  for  all  the  curves  are  not  same,  they  vary  from  2.5  millisecond  (for  low 
field)  to  100  microsecond  for  high  applied  electric  field.  Hence  no  unit  has  been  mentioned  in  the  figure. 
These  curves  are  overlapped  only  for  comparison.  However,  each  curve  is  considered  separately  for 
calculation  of  the  switching  time.  Looking  at  this  data  for  spontaneous  polarization  direction  [111],  the 
ciystals  B  and  C  showed  a  double  maximum  in  the  switching  current  curve.  For  crystals  B,  having  0.04 
FT  at  low  field  values  (5-9  kV/cm)  the  first  peak  was  much  higher  in  magnitude  than  the  second  peak. 
As  the  field  is  increased,  the  second  peak  increases  in  magnitude  and  finally  only  one  peak  is  observed. 
For  crystals  C  having  0.09PT,  similar  variation  of  second  peak  overtaking  the  magnitude  of  the  first  peak 
was  observed.  However,  two  distinct  peaks  were  present  even  at  high  fields.  Such  a  behavior  was  not 
observed  for  pure  PZN  crystal  with  field  along  [111]  direction.  For  field  applied  along  [001]  -the 
spontaneous  polarization  direction  for  tetragonal  crystals,  no  such  double  maximum  in  the  switching  curve 
was  observed  for  pure  PZN  (crystal  A)  and  crystal  B.  The  crystal  C  showed  a  double  maximum  at  low 
field  values.  The  curve  corresponding  to  26kV/cm  for  0.91PZN  -  0.09PT  with  field  along  [001]  shows  the 
field  induced  phase  transition  from  rhombohedral  to  tetragonal. 

This  leads  us  to  believe  that  the  presence  of  two  peaks  is  due  to  the  co-existence  of  both 
rhombohedral  and  tetragonal  phases  in  these  crystals.  It  is  difficult  to  associate  a  particular  peak  with 
either  rhombohedral  or  tetragonal  composition.  The  two  parameters  -the  component  of  electric  field  along 
a  crystallographic  direction  and  the  volume  fraction  of  the  second  phase  present  may  also  need  to  be 
considered  in  explaining  the  presence  of  the  double  peaks.  More  detailed  work  is  continuing  and  will  be 
reported  shortly. 

The  reciprocal  switching  time  as  a  function  of  applied  field  is  shown  in  Fig.  3.  For  pure  PZN 
(crystal  A),  linear  dependence  was  observed  along  [001]  and  exponential  dependence  along  [111] 
direction.  The  figure  shows  a  linear  variation  with  different  slopes  at  low  and  high  field  values  for  the 
crystals  B,  C  and  both  the  directions  [111]  and  [001].  It  appears  that  a  linear  law  can  describe  the 
switching  process 
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Fig.  2  The  switching  current  observed  for  the  PZN  -PT  single  crystals  showing  the  double  peak 
observed  due  to  co-existence  of  both  rhombohedral  and  tetragonal  phases. 


where  t  is  the  switching  time,  d  the  thickness  of  the  crystal,  jx  is  the  mobility  of  the  moving  domain  wall,  E 
is  the  applied  field.  However,  there  is  a  change  in  the  slope  at  a  certain  applied  field  for  all  the  crystals.  At 
higher  fields,  the  curve  becomes  almost  horizontal  to  field  axis. 

DISCUSSION 

From  the  published  data2-3,6,7  for  BaTi03  (BT),  the  switching  current  shows  an  exponential 
dependence  on  applied  field  at  small  field  values.  The  dependence  becomes  linear  as  the  applied  field  is 
increased.  On  the  basis  of  these  results,  it  was  suggested  that  the  polarization  reversal  for  BT  at  small- 
applied  fields  is  controlled  by  nucleation  rate  of  the  reversed  domains.  At  higher  field,  the  mobility  of  the 
reversed  domains  controls  the  reversal  mechanism 

We  now  compare  this  with  the  present  data  for  relaxor  based  single  crystals  of  PZN,  0.96PZN  - 
0.04PT  and  0.91PZN  —  0.09PT.  The  field  was  applied  along  [001]  and  [111]  —  the  spontaneous  direction 
for  rhombohedral  and  tetragonal  compositions. 

For  PZN  along  [111]  the  dependence  of  switching  time  on  applied  field  was  exponential.  Along 
[001],  the  dependence  was  linear.  If  we  draw  a  parallel  picture  with  the  barium  titanate  data,  it  appears 
that  the  polarization  reversal  is  controlled  by  nucleation  along  [111]  and  the  mobility  of  the  reversed 
domains  along  [001], 

For  solid  solution  single  crystals  0.96PZN  -0.04PT  and  0.91PZN  -  0.09PT,  a  piecewise  linear  fit 
was  obtained  for  the  reciprocal  switch  times  versus  applied  field.  Unlike  the  barium  titanate,  no 
exponential  dependence  was  observed  at  small  field  values.  Assuming  the  model  of  domain  nnrlentinn 
and  motion,  it  appears  that  the  polarization  reversal  in  these  crystals  is  controlled  by  the  forward  motion  of 
the  domains. 

A  double  maximum  observed  in  the  switched  current  is  attributed  to  the  co-existence  of  the  two 
phases  in  0.96PZN  -0.04PT  and  0.91PZN  -  0.09PT  crystals.  This  was  not  observed  in  PZN  crystal. 
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phase  of  PbCMg-^Nb^Os-PbTiOg  single  crystals 

Yu  Lu,  D.-Y.  Jeong,  Z.-Y.  Cheng,  and  Q.  M.  Zhanga) 

Materials  Research  Laboratory,  The  Pennsylvania  State  University,  University  Park,  Pennsylvania  16802 

HaoSu  Luo  and  Zhi-Wen  Yin 

Laboratory  of  Functional  Inorganic  Materials,  Shanghai  Institute  of  Ceramics, 

Chinese  Academy  of  Science,  Shanghai,  China 

D.  Viehland 

Naval  Seacommand,  Division  Newport,  Newport,  Rhode  Island  02841 
(Received  21  December  2000;  accepted  for  publication  24  March  2001) 

We  report  on  the  observation  of  an  orthorhombic  ferroelectric  phase  in  0.67Pb(Mgi/3Nb2/3)O3 
-0.33PbTiO3  single  crystals,  whose  polarization  is  along  <011)  direction  and  stability  can  be  altered 
by  poling  conditions.  We  studied  the  piezoelectric  properties  on  poled  <011)  crystals,  in  both 
monodomain  and  polydomain  states,  and  found  that  the  piezoelectric  d32  coefficient,  which  is  the 
piezoelectric  response  in  perpendicular  to  the  poling  direction,  is  positive  in  both  cases.  Based  on 
the  phenomenological  theory,  we  show  that  this  is  possible  in  a  crystal  with  the  electrostrictive 
coefficients  £?n>244”2i2-  ©  2001  American  Institute  of  Physics.  [DOI:  10.1063/1.1372360] 


We  report  in  this  letter  on  the  phase  transition  behavior 
and  piezoelectric  responses  of  Pb(Mg1/3Nb2/3)03-PbTi03 
(PMN-PT)  single  crystals,  for  compositions  close  to  the 
morphotropic  phase  boundary  (MPB)  between  rhombohedral 
ferroelectric  (FEr)  and  tetragonal  ferroelectric  (FE,)  phases. 
Recent  discoveries  in  mixed  B-site  cation  ferroelectric  per- 
ovskites  have  stimulated  significant  research  activities.1-4  In 
Pb(Zn1/3Nb2/3)03-PbTi03  (PZN-PT)  and  PMN-PT  single 
crystals,  an  electromechanical  coupling  factor  of  greater  than 
0.9  has  been  reported  in  the  FEr  phase  near  the  MPB  for 
specimens  poled  along  <001). 1-3  Similar  enhancements  in  the 
electromechanical  properties  were  also  reported  when  crys¬ 
tals  were  poled  at  finite  angles  with  respect  to  the  spontane¬ 
ous  polarization  direction,  although  the  coupling  factors  of 
these  finite  miss-oriented  crystals  were  lower  (~0.8).5-7 

Naturally,  a  question  to  ask  is  what  is  unique  about  the 
PZN-PT  and  PMN-PT  crystalline  solutions  and  the  role  of 
the  MPB.  In  0.92PZN-0.08PT  crystals  (which  at  T=  25  °C 
is  in  the  FEr  phase  and  near  a  MPB),  recent  investigations 
have  demonstrated  the  presence  of  monoclinic  domains,  and 
orthorhombic  ferroelectric  (FEJ  and  monoclinic  ferroelec¬ 
tric  (FEm)  states.8-10  This  opens  an  interesting  possibility 
that  those  states,  even  metastable,  may  be  regarded  as  inter¬ 
mediate  states  and  responsible  for  the  high  piezoelectric  and 
electromechanical  responses  in  PZN-PT  and  PMN-PT 
single  crystals  near  the  MPB. 

In  Pb(Zr1_xTi^)03,  which  is  another  related  ferroelectric 
perovskite  material,  high  electromechanical  properties  have 
been  widely  studied  over  many  years  for  compositions  close 
to  the  MPB  between  FEr  and  FE,  phases.11  Much  effort  has 
been  expended  in  determining  the  mechanism  responsible  for 
these  significant  enhancements.  Recently,  a  FEm  state  has 
been  reported  over  a  very  narrow  composition  range  near 
MPB.  In  this  FEm  state,  the  polarization  was  confined  to  the 
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( hhk )  plane,  which  is  one  of  the  planes  that  can  “bridge”  the 
tetragonal  <001)  and  rhombohedral  <111)  directions.4,12  It 
was  suggested  that  this  “bridging”  effect,  via  the  FEW  state, 
is  responsible  *  for  the  enhanced  electromechanical 
properties.12 

This  investigation  reports  the  phase  transition  behavior 
and  piezoelectric  responses  in  PMN-PT  single  crystals  of 
approximate  compositions  of  0.67PMN-0.33PT,  which  are 
close  to  the  MPB.  Dielectric  and  piezoelectric  methods  have 
been  used  to  study  crystals  with  various  poling  histories.  We 
have  observed,  by  dielectric  and  optical  microscopy  tech¬ 
niques,  an  intermediate  FE0  state  whose  phase  stability  de¬ 
pends  upon  its  poling  history  and  mechanical  condition.  In 
addition,  it  was  observed  that  this  monodomain  FE0  does  not 
exhibit  enhanced  piezoelectricity  and  its  piezoelectricity  can 
be  described  quite  well  by  the  phenomenological  theory.13,14 

Crystals  were  grown  by  the  Bridgman  method.15  Various 
crystals  were  oriented  along  the  <001),  <110),  and  <111)  di¬ 
rections.  Typical  specimen  dimensions  were  2X2X2  mm3. 
Crystals  were  poled  at  room  temperature,  with  monodomain 
conditions  achieved  in  both  <111)  and  <110)  oriented  crys¬ 
tals.  Dielectric  characterization  (at  1  kHz)  was  carried  out 
using  a  standard  LCR  meter  (HP4284A)  equipped  with  a 
temperature  chamber  (Delta  9023).  Piezoelectric  coefficients 
were  measured  at  1  kHz  using  a  laser  dilatometer.16  Domain 
patterns  were  characterized  by  a  Zeiss  Axioskop  cross- 
polarized  optical  microscope  (100X  amplification). 

Figures  1(a)- 1(d)  show  the  dielectric  constant  and  loss 
as  functions  of  temperature  for  poled  (111),  (Oll^Ep^ng 
>5  kV/cm),  <01  l)(£poling=4  kV/cm),  and  <001)  oriented 
PMN-PT  crystals,  respectively.  It  is  important  to  emphasize 
that  the  difference  between  Figs.  1(b)  and  1(c)  (which  are 
both  for  <011)  orientations)  is  only  the  poling  field  (idling)  • 
Each  figure  exhibited  a  transition  at  145  °C  which  is  the  FE/ 
to  cubic  transformation,17,18  and  a  second  dielectric  anomaly 
at  -80  °C.  For  (111)  and  <01  l)(£poli„g<4  kV/cm) 
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Temperature  (°C) 


FIG.  I.  The  dielectric  constant  and  dielectric  loss  measured  at  1  kHz  as 
functions  of  temperature  for  0.67PMN-0.33PT  single  crystals  (a)  poled  and 
measured  along  the  [1 11]  direction  (monodomain  rhombohedral  phase);  (b) 
poled  and  measured  along  [Oil]  (monodomain  orthorhombic  phase);  (c) 
poled  along  [Oil]  direction  to  form  (111)  twined  crystal  and  measured  along 
[01 1];  and  (d)  poled  and  measured  along  [001]  (polydomain  crystal). 

orientations,  an  additional  third  anomaly  was  found  at 
-100  °C. 

For  (Oll)-oriented  crystals  poled  at  £,poIing<4  kV/cm, 
optical  microscopy  revealed  the  presence  of  a  polydomain 
condition  with  domains  oriented  along  the  (111),  typical  of 
that  of  a  FEr  state.  These  domain  orientations  are  schemati¬ 
cally  illustrated  in  Fig.  2(a).  However,  for  £poling 
>5kV/cm,  (01  l)-oriented  crystals  were  observed  under 
cross-polarized  light  to  be  in  a  monodomain  state  with  the 
polarization  along  the  (011).  This  domain  orientation  is  sche¬ 
matically  illustrated  in  Fig.  2(b).  It  should  be  mentioned  that 
even  small  variations  in  the  PT  content  resulted  in  deviations 
from  this  monodomain  condition  and  the  disappearance  of 
the  ¥E0  state  at  25  °C,  demonstrating  that  this  state  only 
exists  over  a  narrow  composition  range  near  the  MPB.  Ac¬ 
cordingly,  at  room  temperature  most  of  the  crystals  poled 
along  (011)  were  polydomain  and  FEr. 

The  differences  in  the  dielectric  responses  of  the  (Oil) 


TABLE  I.  Piezoelectric  coefficients  of  0.67PMN-Q.33PT  single  crystals 
poled  along  [011]  direction  at  room  temperature. 


d}}  (pm/V) 

</32  (pm/V) 

</3,  (pm/V)  63°'/ e0a 

Monodomain 

250 

40 

-220  880 

Polydomain 

(experimental) 

1780 

1100 

-2740 

Polydomain 

1770 

980 

-2760 

(calculated) 

ae0  is  the  vacuum  permittivity. 


crystals  due  to  the  various  poling  histories  can  be  explained 
on  the  basis  of  these  optical  microscopy  observations.  For 
E poiing<  4  kV/cm  [Fig.  1(c)],  the  FEr  state  is  stable  at  room 
temperature.  Upon  heating  to  —80  °C,  a  transition  occurs  to  a 
FE0  state.  On  further  increase  of  temperature  to  —  100°C,  a 
secondary  transformation  to  a  FE,  state  occurred.  In  contrast, 
for  £,poiing>5  kV/cm  [Fig.  1(b)],  a  monodomain  FE0  state 
can  be  induced  at  room  temperature.  Upon  heating  to  80  °C, 
a  transition  occurs  to  a  FE,  state.  Interestingly,  the  FE0-FE, 
transition  temperature  in  the  monodomain  condition  was  sig¬ 
nificantly  lower  (80  °C)  than  in  the  polydomain  condition 
(100  °C).  Clearly,  the  phase  transformational  pathway  is  al¬ 
tered  by  whether  the  specimen  is  elastically  constrained 
(poly domain)  or  free  to  deform  (monodomain).9 

The  dielectric  constant  for  the  poled  (111)  crystals  [Fig. 
1(a)]  exhibited  a  similar  transition  sequence  as  the  polydo¬ 
main  (011)  [Fig.  1(c)].  In  both  cases,  the  FEr  to  FE,  transi¬ 
tion  proceeded  through  an  intermediate  FE0  state,  with  the 
FE0  state  being  present  for  —  80<  T<  100  °C.  The  dielectric 
constant  for  poled  (001)  crystals  was  shown  in  Fig.  1(d). 
Only  one  FE-FE  transition  was  observed,  which  occurred  at 
80  °C.  This  transition  temperature  is  close  to  that  of  the 
FEC-FE,  along  the  (Oil)  (£,poiing>5  kV/cm,  monodomain), 
and  with  that  of  the  FEr-FE0  along  the  (111)  and  (011) 
(^poiing<4  kV/cm,  poly  domain). 

The  results  in  Fig.  1  demonstrate  a  complex  transforma¬ 
tion  sequence  that  is  dependent  upon  orientation  and  electri¬ 
cal  history.  An  intermediate  FE0  state  exists  between  the  FEr 
and  FE,  ones,  whose  temperature  range  of  existence  varies, 
suggesting  metastability.  Furthermore,  these  results  indicate 
that  the  margin  of  stability  in  the  FEr ,  FE0 ,  and  FE,  states 
may  all  be  sufficiently  fragile  that  changes  in  orientation, 
electrical  history,  or  mechanical  constraints  may  change  the 
free  energy  balance.  The  reason  why  ceramic  specimens 
have  not  revealed  a  FE0  state  in  the  last  20  years17,18  may 
then  reflect  the  fact  that  under  all  circumstances  the  polariza¬ 
tion  is  elastically  constrained,  preventing  strain  accommoda¬ 
tion. 

To  determine  the  influence  of  monodomain  versus  poly¬ 
domain  conditions  upon  the  electromechanical  properties  of 
(011)  oriented  crystals,  the  piezoelectric  coefficients  (d33, 
d3i ,  and  <f32)  were  measured.  The  results  are  given  in  Table 
I.  First,  the  values  of  all  coefficients  were  much  lower  in  the 
monodomain  FE0  state  than  the  polydomain  FEr  one.  The 
results  were  a  little  unusual  in  that  d32>  0  for  both  the  mono 
and  polydomain  conditions,  and  also  in  that  |^3i|>|rf33|  for 


FIG.  2.  Schematic  drawings  for  [011]  poled  crystals  in  (a)  twined  crystals 
and  (b)  monodomain  crystals.  The  dashed  arrows  indicate  the  remanent 
polarization  direction  and  orthorhombic  coordinate  system  used  to  describe 


the  polydomain  condition. 

In  order  to  explain  the  observed  piezoelectric  properties 
in  poled  (Oil)  crystals  in  both  the  poly  and  monodomain 


the  piezoelectric  coefficients  is  also  presented.  states,  we  derived  expressions  for  the  piezoelectric  coeffi- 

Downloaded  11  May  2001  to  130.203.167.198.  Redistribution  subject  to  A1P  license  or  copyright,  see  http://ojps.aip.org/aplo/aplcr.jsp 


Appl.  Phys.  Lett.,  Vol.  78,  No.  20,  14  May  2001 


Lu  et  ai 


3111 


dents  from  phenomenological  theory.13,14  Along  the  (01 1)  in 
the  monodomain  condition,  the  piezoelectric  responses  were 
found  to  be 

d^=Vl{Qn  +  Ql2+Q^)e^P{ro) , 

4)=  rt(Q  „  - +  Q  i2-  044)  ^P\o) ,  (1 ) 

d^  =  2VlQu4fPi0), 

where  the  superscript  (o)  stands  for  properties  that  are  refer¬ 
enced  with  respect  to  the  coordinate  system  of  the  FE0  state 
(see  Fig.  2),  €$  is  the  dielectric  permittivity  of  the  FE0  state, 
is  the  remanent  polarization  of  the  FEC  state  (0.39 
C/m2),9  and  Qu,  Qn,  and  g44  are  the  electrostrictive  coef¬ 
ficients  (in  the  pseudocubic  coordinates)  expressed  in  matrix 
notation.  For  ferroelectric  perovskites,  it  is  known  that  Qu 
>0,  Q 44>0,  Qi2<0,  and  |0n|>2|012|.13  Therefore,  under 
the  condition  that  Qn> Q44-Q12 >  Eq-  (1)  predicts  that  dy? 
is  positive.  Using  Eq.  (1)  and  the  data  in  Table  I,  the  values 
of  the  electrostrictive  coefficients  can  be  estimated:  Qn 
=  0.06  m4/C2,  0I2= -0.025  m4/C2,  and  £44=  0.024  m4/C2, 
respectively. 

For  the  (0 1 1  )-oriented  FEr  polydomain  state,  assuming 
that  there  are  [111]  and  [Til]  domains  only,  the  piezoelec¬ 
tric  coefficients  were  derived  as 

4°3)=v5/3[(011+e44)(^)+2e(3f)) 

^/3(Q  U  +  Q44-Q 12)  e\VP(rR\ 

4? = VZ/3[(  Q , ,  ■ -  G44X  4? '  +  2  4?)  121 

+  Gi2(46<f)-e(1f))]P^), 
~V2/3(Qu-QA4-Ql2)e\Rl)P{*), 
^)=2v^/3[0u(eg)-e(1f)  +  012(26^)+e(1f)]P^), 

where  and  are  the  dielectric  permittivity  measured 
in  the  FEr  state  along  and  perpendicular  to  the  [111]  polar¬ 


ization  direction,  respectively,  and  is  the  remanent  po¬ 
larization  of  the  rhombohedral  phase  (~0.39  C/m2).9  In  the 
second  part  of  each  relationship  in  Eq.  (2),  we  have  made  use 
of  the  fact  that  *  The  values  of  d^f ,  ,  and 

for  the  FE,.  polydomain  condition  can  be  estimated  by  plac¬ 
ing  the  values  of  the  electrostriction  coefficients  estimated  in 
the  proceeding  paragraph  into  Eq.  (2).  These  calculated  val¬ 
ues  for  the  piezoelectric  coefficients  are  given  in  Table  I 
where  e^Ve0=  10  000  is  used.  Inspection  of  the  data  in  the 
table  reveals  remarkable  agreement,  in  particular  in  consid¬ 
eration  of  the  use  of  a  single  crystalline  single  domain  phe¬ 
nomenological  approach  to  the  properties  of  polydomain 
conditions. 

This  work  was  supported  by  the  Office  of  Naval  Re¬ 
search. 
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The  linear  electro-optic  (E-O)  coefficients  of  poled  0.88Pb(Zn,/3Nb2/3)O3-B.12PbTiO3  single  crystal  were  characterized 
using  an  automated  scanning  Mach-Zehnder  interferometer  and  the  senarmont  compensator  method  at  room  temperature.  They 
were  obtained  at  a  wavelength  of  632.8  nm:  r33  =  134pm/V,  rj3  =  7  pm/V,  rsj  ==  462pm/V,  and  rc  =  131  pm/V  respectively 
and  the  refractive  indices:  ne  =  2.57  and  n0  =  2.46.  The  large  rS]  coefficient  compared  with  r33  is  caused  by  the  high 
dielectric  constant  at  perpendicular  to  the  polar-axis  compared  with  the  dielectric  constant  along  the  c-axis.  Comparison  with 
the  quadratic  E-0  coefficients  measured  at  near  and  above  the  Curie  temperature  suggests  that  the  values  of  the  quadratic 
E-0  coefficients  measured  earlier  may  be  smaller  than  the  intrinsic  ones  due  to  the  influence  of  micro-polar  regions.  The 
development  of  an  automated  scanning  Mach-Zehnder  interferometer,  which  is  less  susceptible  to  the  errors  caused  by  the  laser 
intensity  fluctuation  and  drafting  in  the  optical  path  length  in  the  system,  is  also  described. 

KEYWORDS:  ferroelectric,  electro-optic,  refractive  index,  interferometer 


1.  Introduction 

Ferroelectric  crystals,  such  as  LiNbC>3  and  KH2PO4 
(KDP),  are  widely  used  in  electro-optic  (E-O)  devices  such 
as  electro-optic  modulators,  electro-optic  switches,  and  light 
valves.1,2*  More  recently,  there  is  an  increased  interest  in 
the  relaxor  ferroelectric  crystal  Pb(Zni/3Nb2/3)03-PbTi03 
(PZN-PT),  which  over  a  broad  composition  range  possesses 
a  very  high  electromechanical  coupling  factor,  piezoelectric 
coefficients,  and  field  induced  strain  response.3-7*  A  unique¬ 
ness  of  this  crystal  system  is  that  relatively  high  quality  sin¬ 
gle  crystals  can  be  grown  at  compositions  near  the  tetragonal- 
rhombohedral  morpho tropic  phase  boundary  (MPB).  It  is  well 
known  that  many  of  the  material  responses  exhibit  increased 
activity  near  a  MPB.8,9*  In  this  paper,  we  report  the  result  of 
the  linear  E-0  coefficients  in  0.88PZN-0.12PT  single  crystal, 
which  is  near  the  MPB  on  the  tetragonal  side.3,5* 

The  E-0  effect  describes  the  change  of  refractive  index 
A riij  due  to  the  applied  field: 

An'j  =  -\nu  (Xr''*£*  +  XI  RijklEkEt  j  (1) 

\J= I  y.*=  I  / 

where  rJjF*  and  Riju  are  linear  and  quadratic  E-0  coefficients, 
respectively.  The  quadratic  coefficients  for  PZN-PT  crys¬ 
tals  at  temperatures  near  and  above  the  dielectric  constant 
maximum  have  been  characterized  earlier,  and  in  this  pa¬ 
per  all  three  non-zero  linear  E-0  coefficients  (7*33  =  7*333, 
r13  =  n  13,  and  7*5 \  —  r3n)  were  measured  for  0.88PZN- 
0.1 2PT  in  the  ferroelectric  tetragonal  phase  (room  tempera¬ 
ture).1 0)  The  comparison  of  the  two  results,  indicates  that  the 
coefficients  measured  at  the  high  temperature  phase  may  be 
affected  by  the  relaxor  ferroelectric  nature  of  the  PZN-PT 
system,  and  will  be  discussed  in  the  paper.  In  addition,  we 
will  also  report  briefly  a  modified  interferometric  method  for 
the  characterization  of  these  coefficients,  which  is  based  on 
the  dynamic  scanning  concept. 


*To  whom  correspondence  should  be  addressed.  E-mail:  qxzl@psu.edu 


2.  Experimental 

2. 1  0. 88PZN-0. 12PT  single  crystal  and  related  E-0  coeffi¬ 

cients 

The  0.88PZN-0.12PT  crystal  used  in  this  study  was  grown 
using  the  high  temperature  flux  method.5, 65 1 !*  It  is  known  that 
0.88PZN-0.12PT  has  a  tetragonal  structure  at  room  temper¬ 
ature  and  that  the  spontaneous  polarization  is  along  (001) 
(c-axis)  direction.3-5*  The  single  crystal  sample  was  oriented 
along  the  (001)  direction  using  a  Laue  camera,  then  the  (100) 
faces  were  polished  to  optical  quality.  The  sample  was  poled 
at  a  temperature  of  230°C,  which  is  much  higher  than  the 
paraelectric  to  ferroelectric  phase  transition  temperature,  with 
an  electric  field  of  5  kV/cm  for  30  min.  Then,  the  sample  was 
slowly  cooled  down  to  room  temperature  under  the  electric 
field.  It  was  found  that  poling  at  room  temperature  resulted  in 
fractures  in  the  sample  since  the  domain  switch  induces  very 
large  strain,  expansion  along  the  poling  direction.  The  dimen¬ 
sion  of  the  sample  is  1.85  x  3.85  x  4.83  mm3  and  the  poling 
field  was  applied  across  the  3.85  mm  thickness. 

For  the  tetragonal  symmetry,  there  are  three  non-zero  E-0 
coefficients,  i.e.,  r33,  7^3,  and  rsi.  In  this  study,  7*33  and  t*13 
were  measured  using  a  interferometric  method,  where  the  ap¬ 
plied  field  Ei  is  along  the  c-axis  and  the  light  passes  through 
the  sample  along  the  (100)  axis  (<2 -axis), 

Ane  =  -nlrnEi/2  (2a) 

An0  =  -7237*13£3/2  (2b) 

where  n0  and  ne  denote  the  refractive  index  perpendicular  and 
parallel  to  the  c-axis,  respectively.  In  the  r33  measurement,  the 
polarization  direction  of  the  laser  beam  is  along  the  c-axis  and 
in  measuring  7*13,  the  polarization  direction  is  perpendicular  to 
the  c-axis. 

For  the  PZN-PT  crystal  studied,  the  £3  field  will  also  in¬ 
duce  a  change  in  the  sample  thickness  along  the  path  of  the 
laser  beam  due  to  the  piezoelectric  effect,12* 

A/i  =  di\Eil\ 

where  l\  is  the  thickness  of  the  crystal  along  the  beam  path 
and  di\  is  the  piezoelectric  coefficient.  Hence,  the  total  mea¬ 
sured  optical  path  length  change  in  the  interferometric  method 
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is  A m  •/ 1  +  (»/  -  1)  •  Ali. 

The  E-O  coefficient  r5I(A(l//i|I)  =  A(l/«|)  =  r5XEi) 
was  measured  by  the  Senarmont  compensator  method,  where 
the  applied  field  E\  is  along  the  (010)  axis  perpendicular  to 
both  the  c-axis  and  the  light  propagation  direction.13)  The  po¬ 
larization  direction  of  the  laser  beam  is  canted  45°  with  re¬ 
spect  to  the  c-axis.  In  the  r5j  measurement,  there  is  no  cor¬ 
rection  due  to  the  piezoelectric  effect. 

Using  the  Senarmont  compensator  method,  the  E-0  coef¬ 
ficient  rc,  which  is  defined  as  rc  ~  r33  -  «3r13/«3  and  de¬ 
termines  the  half-wave  voltage  of  the  material,  was  also  mea¬ 
sured.13,14) 

2.2  Operation  principle  of  scanning  Mach-Zehnder  inter¬ 
ferometer  for  E-0  coefficient  measurement 

Shown  in  Fig.  1  is  a  typical  Mach-Zehnder  interferome¬ 
ter.15)  The  interference  pattern  at  the  detection  point  depends 
on  the  optic  path  length  difference  (0>  =  27t(«r/r  -  nsl s)A, 
where  n  and  /  are  the  refractive  indices  and  the  path  lengths 
respectively,  R  and  S  in  subscript  expresses  the  reference  and 
signal  arms,  respectively)  between  the  signal  and  reference 
beams, 

1  =  1]  4-  72  4-  2yJT\  h  cos(d>) 

=  ^ ^max  Anin)  ~(7max  —  7mjn)  C0S(<1))  (3) 

where  7max  =  4-  VAD2  and  7mjn  =  (VYf  —  fTf)1  are  the 

maximum  and  minimum  intensities  of  interference  fringes, 
respectively,  and  I\  and  72  are  the  light  intensities  of  signal 
beam  and  reference  beam,  respectively.  From  eq.  (3),  one 

can  find  that  when  d>  has  a  small  change  (A<I>)  around  <J>0  = 
(m  4-  1/2)tt,  m  =  0,  ±1, . . .  ,  cos(d>0  4-  AO)  «  ±AO,  and 
the  ±  signs  depend  on  the  value  of  m,  and 

I  ~  2^max  Anin)  =  ^2  ^Anax  ~  Amin)  AO.  (4) 


Where  vout  corresponds  to  A/,  Fmax  and  Fmin  correspond  to 
/max  and  7min  respectively  and  AO  =  2;rA (nl)/X.  For  E-0 
or  piezoelectric  coefficient  measurement  under  an  ac  electric 
field  of  frequency  (/0),  a  lock-in  amplifier  can  be  used  to  mea¬ 
sure  u0Ut  which  yields  a  high  sensitivity  of  the  system  in  re¬ 
solving  the  change  in  AO. 

However,  in  developing  a  computer  controlled  experimen¬ 
tal  set-up  to  measure  the  change  in  the  optic  path  length  (and 
hence  AO),  we  found  that  the  approach  of  stabilizing  the  sys¬ 
tem  near  the  working  point  (by  using  a  feedback  loop  to  con¬ 
trol  the  path  length  of  the  reference  arm)  is  not  convenient. 
The  change  in  the  incident  light  intensity  and  other  factors 
such  as  air  turbulence  in  the  system  and  the  variation  of  the 
light  absorption  in  the  sample  due  to  thermal  and  electric  field 
can  cause  shift  in  the  working  point  light  intensity.16)  As  a  re¬ 
sult,  the  stabilized  experimental  point  will  be  no  longer  at  O0. 
Further  more,  those  changes  will  also  result  in  changes  in  /max 
and  7mjn,  causing  errors  in  the  experimental  results  on  A  (nl). 

If  instead  of  stabilizing  the  system  at  any  specific  point,  an 
optic  translation  stage  is  used  to  drive  a  slow  change  in  the 
path  length  lR  of  the  reference  arm,  <J>  will  be  changed  con¬ 
tinuously.  As  a  result,  the  interference  intensity  will  change 
with  time,  from  which  7max  and  7mjn  can  be  measured  readily. 
If  an  AC  electric  field  with  a  frequency  f0  is  applied  to  a  sam¬ 
ple  which  causes  a  small  change  (much  smaller  than  the  wave 
length)  in  the  optic  path  length  in  the  signal  arm,  the  change 
in  the  phase  O  will  be  Oref  4-  AO.  The  resulting  signal  will 
be: 

A  2  (Anax  +  Amin)  ~F  ^(Anax  “  Amjn)  COS(Oref  4-  AO)  (6) 

where  Oref  describes  the  drifting  in  the  phase  caused  by  the 
optic  path  length  change  of  the  reference  arm  and  also  in  the 
signal  arm  due  to  slow  drifting,  and  AO  is  the  phase  change 
caused  by  the  sample  due  to  the  applied  AC  electric  field. 
Since  AO  is  very  small,  one  can  get 


Hence,  by  stabilizing  the  system  at  O0  (working  point),  the 
change  of  interference  intensity  will  depend  linearly  on  the 
change  of  the  optic  path  length.  When  this  change  is  mea¬ 
sured  by  a  photo-detector,  eq.  (4)  can  be  converted  into  the 
voltage  form  as: 


AO  = 


Uout 

(  Fmax  ~  Vmm)/2 


Vout 

W2* 


(5) 


Incident  laser  beam 


Fig.  1 .  Schematic  drawing  of  a  typical  Mach-Zehnder  interferometer. 


A  ^2  ^Anax  Anin)  2  (Anax  ~  Anin)  COS  Oref^ 

~  ^2^max  ~~  Anin)  sin Oref^  AO.  (7) 

Therefore,  when  Oref  =  (m  4-  1/2)tt,  eq.  (7)  is  reduced  to 
eq.  (4).  When  Oref  =  mi r,  the  second  term  on  the  right  hand 
side  of  the  equation  is  zero  and  the  first  term  yields  7max  and 
Anin-  Thus,  Pp.p/2  can  be  obtained.  Hence,  in  one  scanning 
period  of  the  reference  beam,  all  the  quantities  in  eq.  (5)  can 
be  determined  and  yield  AO.  Clearly,  even  if  vout,  Kmax  and 
k'min  may  vary  due  to  various  noise  sources,  the  correspond¬ 
ing  variation  in  AO  which  is  the  ratio  between  them  [eq.  (5)] 
will  be  much  smaller.  This  has  been  verified  experimentally. 
In  addition,  the  data  accuracy  can  be  improved  further  by  av¬ 
eraging  AO  thus  obtained  over  long  time  period. 

Based  on  these  considerations,  a  Mach-Zehnder  interfer¬ 
ometer  with  the  reference  arm  scanned  was  developed  to  mea¬ 
sure  E-0  or  piezoelectric  coefficients  (as  schematically  shown 
in  Fig.  2).  In  this  scanning  Mach-Zehnder  interferometer, 
the  reference  mirror  is  driven  by  a  servo-transducer  made  of 
piezoelectric  material.  In  experiments  for  E-0  or  piezoelec¬ 
tric  measurement,  f0  typically  runs  from  100  Hz  to  100  kHz, 
and  the  corresponding  scan  frequency  may  be  varied  from 
0.003  Hz  to  3  Hz  to  satisfy  the  condition  that  the  scanning  fre- 
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Fig.  2.  Schematic  drawing  of  the  setup  of  the  automated  scanning 
Mach-Zehnder  interferometer  developed  for  E-0  measurement. 


quency  is  much  lower  than  the  signal  frequency.  Both  the  AC 
and  DC  components  of  the  photo-detector  output  are  transmit¬ 
ted  to  a  digital  lock-in  amplifier  (SRS  SR830).  A  computer 
is  used  to  control  the  system  and  acquire  the  data  from  the 
SR830  through  a  GPIB  cable.  The  system  can  be  controlled 
easily  by  the  computer  over  a  long  time  period.  The  computer 
software  was  programmed  using  Lab  View  4. 1 . 

3.  Experiment  Results  and  Discussion 

3. 1  Experimental  results 

For  the  0.88PZN-0.12PT  single  crystal  used  in  this  experi¬ 
ment,  no  data  of  the  refractive  index  at  room  temperature  were 
available.  Hence,  the  first  step  is  to  measure  these  indices.  Al¬ 
though  the  refractive  index  can  be  measured  by  the  minimum 
deviation  method,  the  sample  needs  to  be  made  into  a  wedge 
shape.14, 15)  In  order  to  measure  the  E-0  coefficients,  the  sam¬ 
ple  has  to  be  reshaped  to  a  rectangular  parallelepiped.  Be¬ 
cause  of  the  relatively  small  size  sample,  instead,  Brewster’s 
angle  method  was  used  in  which  only  one  reflection  surface  is 
required.14* 15)  Hence  the  sample  used  in  the  refractive  index 
measurement  can  also  be  used  directly  in  E-O  measurement. 

Brewster’s  angle  (0B)  is  the  incident  angle  at  which  the  re¬ 
flection  intensity  is  zero  for  polarized  light  with  the  polariza¬ 
tion  direction  parallel  to  the  incident  plane.  The  relationship 
between  the  refractive  index  and  0B  is:  n  =  tan  0b-  By  chang¬ 
ing  the  orientation  of  the  crystal  with  respect  to  the  linearly 
polarized  incident  laser  beam,  both  n0  and  ne  can  be  deter¬ 
mined.  The  obtained  0B  for  the  PZN-PT  crystal  are  68.75° 
and  67.84°,  yielding  n0  =  2.57  ±  0.01  and  nc  =  2.46  ±  0.01 
at  632.8  nm  wavelength  for  the  sample  at  room  temperature. 

To  facilitate  the  discussion,  apparent  E-0  coefficients  r*3 
and  r33  are  introduced  here  to  denote  the  coefficients  obtained 
directly  from  AO  without  the  correction  of  the  piezoelectric 
effect, 


Fig.  3.  Apparent  E-0  coefficients  (rj3  and  r*3)  measured  at  different  fre¬ 
quencies  for  0.88PZN-0.12PT  single  crystal  at  room  temperature. 

M»cl)  =  ^A<J>  =  rllnllE)/1 

or 

A(«0/)  =  Aa*  =  -r^nllE)/  2 
In 

The  apparent  E-0  coefficients  r*3  and  r33  are  measured  sep¬ 
arately  for  the  sample  under  a  stress  free  condition.  For  a 
piezoelectric  material,  it  is  well  known  that  there  are  seri¬ 
ous  resonance  frequencies  at  which  the  electric  field  induced 
strain  can  no  longer  be  described  by  the  linear  piezoelec¬ 
tric  equation. 12)  This  certainly  imposes  frequency  windows 
in  which  the  E-0  coefficient  can  be  measured  reliably.  In  ad¬ 
dition,  any  mechanical  resonance  in  the  sample  holding  sys¬ 
tem  can  also  cause  error  in  the  measurement.  In  this  study, 
the  frequency  window  used  is  from  200  Hz  to  40  kHz,  well 
below  the  first  (lowest)  resonance  frequency  ( fr )  which  is  at 
several  hundreds  kHz.  To  ensure  the  weak  field  condition  in 
the  measurement,  the  applied  field  is  about  15  V/cm  which  is 
also  well  below  the  room  temperature  coercive  field  of  about 
5  kV/cm. 

The  results  for  r*3  and  r33  are  shown  in  Fig.  3.  In  the  fre¬ 
quency  range  measured,  there  is  no  large  change  of  the  E-O 
coefficients  with  frequency  and  the  average  values  of  r*3  and 
r33  are  44±  1  pm/V  and  1 73  ±4  pm/V,  respectively.  A  mechan¬ 
ical  resonance  due  to  the  sample  holding  system  was  observed 
at  frequencies  above  40  kHz,  which  affects  the  data  acquired 
near  40  kHz. 

To  subtract  the  piezoelectric  effect,  the  piezoelectric  d3\ 
coefficient  was  measured  using  a  single  beam  laser  inter¬ 
ferometer:  d3l  =  -210  ±  10  pm/V.  From  r33  =  r33  + 
2(«e  -  1  )d3\/n\  and  r13  =  rf3  +  2 (n0  -  l)d3l/nl,  the  E- 
O  coefficients  r33  and  rI3  are  obtained:  r33  =  134  ±  5  pm/V 
and  r]3  =  1  ±2  pm/V  at  632.8  nm  wavelength  for  0.88PZN- 
0.12PT  at  room  temperature. 

One  of  the  concerns  in  the  single  crystal  PZN-PT  is  the  im¬ 
perfect  poling  which  results  in  residual  domains  in  the  sam¬ 
ple.  This  will  affect  the  measured  E-0  coefficients.  In  order 
to  check  this,  the  E-0  coefficients  under  high  DC  bias  field 
were  measured.  In  the  experiment,  an  oil  chamber  was  built 
so  that  the  sample  can  be  immersed  in  an  insulation  oil  which 
prevents  electric  breakdown  through  air  when  the  sample  is 
subject  to  a  high  DC  voltage.  Shown  in  Fig.  4  are  the  appar¬ 
ent  E-0  coefficients  r*3  and  measured  at  1  kHz  as  a  func- 
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Fig.  4.  The  E-0  coefficients  as  a  function  of  the  DC  electric  bias  field  for 
0.88PZN-0.12PT  single  crystal  at  room  temperature. 


tion  of  a  DC  bias  field  which  is  applied  parallel  to  the  original 
poling  direction  up  to  15  kV/cm,  much  higher  than  the  room 
temperature  coercive  field.  Apparently,  the  measured  coeffi¬ 
cients  do  not  show  much  change  with  a  DC  bias  field  (except 
a  small  decrease  which  is  expected)  and  as  the  bias  field  is 
reduced  to  zero,  the  E-0  coefficients  return  to  their  original 
values.  The  results  indicate  that  the  sample  used  in  this  study 
was  properly  poled. 

The  r5i  coefficient  measured  by  the  senarmont  compen¬ 
sator  method  is  r5j  =  462pm/V  which  is  much  larger  than 
r33  and  in  the  frequency  range  measured,  (below  40  kHz),  rS\ 
does  not  show  much  change  with  frequency. 

Using  the  senarmont  compensator  method,  the  E-0  coef¬ 
ficient  rc  was  also  characterized.  The  coefficient  measured 
direct  from  the  experiment  data  is  the  apparent  coefficient  r* 
which  is 


_  „*  *o  *  . 

-  r33  ~  ~^rl3  “rct 


2 (ne  -  nQ) 


«31. 


(8) 


Because  the  difference  between  nt  and  n0  is  very  small,  the 
piezoelectric  effect  [the  second  term  on  the  right  hand  side 
of  eq.  (8)]  has  much  less  effect  on  rc  compared  with  r!3  and 
r33.  The  measured  value  of  r*  for  the  sample  under  stress 
free  condition  used  above  is  128pm/V.  The  corresponding 
coefficient  after  the  correction  of  the  piezoelectric  effect  is 
rc  —  1 3 1  pm/V. 

From  measured  values  of  ne,  n0,  r13  and  r33,  the  E-O  coef¬ 
ficient  rc  can  also  be  deduced  from  rc  =  r33  —  n\rn /n\ .  From 
the  measured  results  of  «e,  «Q,  r*3  and  r33,  the  calculated  r *  is 
124  pm/V,  which  is  very  close  to  128  pm/V  measured  directly 
using  the  Senarmont  compensator  method. 

A  qualitative  aging  experiment  was  also  performed  on  the 
E-0  coefficients  and  it  was  found  that  even  the  poled  sam¬ 
ple  was  used  for  various  other  measurements,  the  E-0  coef¬ 
ficients  were  nearly  the  same  when  measured  after  3  months. 
Therefore  the  optical  coefficients  reported  here  are  the  stable 
material  properties  of  0.88PZN-0.12PT  single  crystal. 


3.2  Discussion 

At  this  point,  it  is  interesting  to  compare  the  results  ob¬ 
tained  here  with  those  reported  earlier.  For  example,  the 
quadratic  E-0  coefficients  gu  -  g\2  and  g44  were  measured 
by  Nomura  et  al.  [A ntJ  =  —  (l/2)w?  £*,=1  gUkiPkPi,  where 
Pk  is  the  polarization  component  along  the  ^-direction].10* 
Since  in  ferroelectric  single  crystals,  the  linear  E-0  effect  can 


be  regarded  as  a  polarization  biased  quadratic  E-O  effect,17) 
the  relationships  between  the  linear  E-0  coefficients  and  the 
quadratic  E-0  coefficients  are: 


^33  “'T3  =  2£33£o Ps(gn  —  g\2)  (9a) 

>*5  J  =^11^0^44  (9b) 

where  gu  =  gun,  gi2  =  £1122,  and  g 44  =  2g2323,  K33 
and  K\\  are  the  dielectric  constant  along  the  c-axis  and 
a-axis,  respectively,  Ps  is  the  spontaneous  polarization,  and 
eq  =  8.85  x  10” 12  F/m  is  the  vacuum  permittivity. 

For  the  crystal  investigated  here,  at  room  temperature 
the  dielectric  constant  was  measured  to  be:  £33  =  710 
and  K\\  =  7630.  From  the  data  of  ref.  10,  gn  -  g12  = 
0.013  m4/C2  and  g44  =  0.009  m4/C2.  Hence,  the  ratio  of 
0*33  -  '*13)/'*51  is  equal  to  2 £33(gn  -  g\2)IKng44  =  0.269 
using  the  dielectric  constant  measured  here  and  the  g  coeffi¬ 
cients  of  ref.  10.  Using  the  value  of  the  r  coefficients  mea¬ 
sured  here  yields  the  ratio  of  (r33  -  r13)/r51  =  0.275.  The 
agreement  between  the  values  obtained  using  two  sets  of  data 
is  surprisingly  good. 

The  results  from  the  two  sets  of  data  can  also  be  compared 
directly  if  the  spontaneous  polarization  Ps  is  known.  From  the 
room  temperature  polarization  hysteresis  loop,  Ps  is  extrapo¬ 
lated:  Ps  ~  40  fi C/cm2.  Substituting  Ps  and  other  data  to  the 
right  hand  sides  of  eq.  (9)  yields  r33  -  r!3  =  65.3  pm/V  and 
r5i  =  243  pm/V.  The  results  show  that  the  linear  E-0  coeffi¬ 
cients  deduced  from  the  quadratic  E-0  coefficients  measured 
at  temperatures  near  and  above  the  dielectric  constant  max¬ 
imum  are  about  half  of  the  values  of  the  corresponding  co¬ 
efficients  measured  directly  at  poled  samples  (127  pm/V  and 
462  pm/V,  respectively).  In  other  words,  either  Ps  and/or  the 
g  coefficients  used  in  eq.  (9)  are  smaller  than  the  intrinsic  val¬ 
ues.  Although  one  cannot  rule  out  that  the  intrinsic  Ps  value 
for  the  crystal  studied  may  be  higher  than  40  fiC/cm 2,  the  dif¬ 
ference  will  not  be  large  enough  to  account  for  the  discrep¬ 
ancy  observed  here. 

In  studies  of  the  relaxor  ferroelectric  Pb(Mgi/3Nb2/3)03- 
PbTi03  system,  it  was  found  that  the  electrostrictive  coeffi¬ 
cients  measured  at  near  and  above  the  dielectric  constant  max¬ 
imum  are  much  smaller  than  the  intrinsic  values.18’ 19)  This  is 
caused  by  the  fact  that  in  a  relaxor  ferroelectric  system,  the  re¬ 
sponse  of  the  local  polar  regions  under  external  electric  field 
includes  the  orientation  of  the  polar  regions  and  the  motion 
of  the  interface  between  the  non-polar  area  and  the  polar  re¬ 
gion.20)  All  these  responses  contribute  to  the  polarization,  but 
do  not  totally  contribute  to  the  strain  responses.19)  PZN-PT  is 
also  a  typical  relaxor  ferroelectric  system  when  the  PT  con¬ 
tent  is  less  than  10%  and  the  evolution  from  a  relaxor  ferro¬ 
electric  to  a  normal  ferroelectric  is  a  gradual  process  covering 
a  broad  composition  range.4>21)  For  the  composition  studied 
here,  it  is  still  quite  close  to  the  MPB  and  hence  will  pos¬ 
sesses  many  features  resembling  a  relaxor  ferroelectric.  For 
example,  if  there  is  a  1 80°  local  polar  region  reorientation,  it 
will  not  cause  a  large  change  in  the  quadratic  E-0  coefficient 
in  spite  of  the  fact  that  there  is  a  large  polarization  change.  On 
the  other  hand,  this  response  will  influence  gw  -  g12  and  gu 
in  a  similar  way  which  will  not  affect  the  ratio  between  them 
as  observed  here.  (The  ratio  of  (r33  —  rj3)/r5i  measured  here 
is  the  same  as  the  ratio  of  2 K33(gu  -  gi2)/K]\g44  deduced 
from  the  g-coefficients).  Thus,  the  observed  discrepancy  be- 
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Table  I.  Properties  characterized  in  this  study  for  0.88PZN-0. 12PT  single  crystal. 

n0  =  2.57,  ne  —  2.46,  r 33  =  134 pm/V,  ri3  ~  7  pm/V,  rc  =  131  pm/V,  rsi  =  462  pm /V  (all  measured  at  633  nm  wavelength), 
dy\  =  —2 10  pm/V,  Kn  -  710,  Kn  =  7630,  Ps  =  40/xC/cm2 


tween  the  measured  linear  E-0  coefficients  and  the  calculated 
ones  from  the  quadratic  E-0  coefficients  is  reasonable.  That 
is,  when  the  measurement  is  performed  at  near  the  dielectric 
constant  maximum  where  there  is  a  strong  contribution  of  the 
polarization  responses  from  the  local  polar  regions,  the  re¬ 
sponse  of  the  local  polar  regions  in  relaxor  systems  will  make 
the  measured  quadratic  E-0  coefficients  deviating  from  their 
intrinsic  values.  By  applying  a  high  external  field  to  remove 
this  mesoscopic  polarization  inhomogeneity  in  the  material, 
one  may  be  able  to  obtain  the  intrinsic  coefficients  as  observed 
in  PMN-PT  system.  I9’22) 

In  Table  I,  the  material  properties  characterized  in  this 
study  are  summarized. 

4.  Summary  and  Acknowledgement 

Using  the  newly  developed  automated  scanning  Mach- 
Zehnder  interferometer  and  the  Senarmont  compensator 
method,  the  linear  E-0  coefficients  of  0.88PZN-0.12PT 
single  crystal  were  measured  at  room  temperature.  It  is 
found  that  the  coefficients  measured  using  the  interferometer 
method  and  the  Senarmont  compensator  method  are  in  excel¬ 
lent  accord.  It  is  also  found  that  the  ratio  of  (7-33  -  ri3)/r51 
measured  here  is  also  in  very  good  accord  with  that  deduced 
from  the  quadratic  E-0  coefficients  measured  earlier.  How¬ 
ever,  in  comparing  the  absolute  values  of  the  linear  E-0  coef¬ 
ficients  measured  here  with  that  deduced  from  the  quadratic 
E-0  coefficients,  it  was  found  that  the  quadratic  coefficients 
measured  earlier  at  temperatures  near  the  dielectric  constant 
maximum  may  be  substantially  smaller  than  the  intrinsic  val¬ 
ues  of  these  coefficients  due  to  the  existence  of  mesoscopic 
polar  regions  and  their  different  contributions  to  the  polariza¬ 


tion  response  and  E-0  response. 
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Composition,  temperature,  and  crystal  orientation  dependence  of  the  linear 
electro-optic  properties  of  PbCZn^Nb^C^-PbTiC^  single  crystals 
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The  linear  electro-optic  (EO)  coefficients  of  Pb(Zn1/3Nb2/3)03-PbTi03  single  crystals  over  a  broad 
composition  range  were  investigated  at  temperatures  from  —20  to  80  °C.  The  orientation  effect  on 
the  EO  coefficients  was  also  examined.  For  crystals  poled  in  the  (001)  direction,  a  large  r33  was 
observed  near  the  moiphotropic  phase  boundary  (MPB).  More  importantly,  r33  was  found  to  be 
independent  of  temperature  for  the  crystals  on  the  tetragonal  side  of  the  MPB.  In  contrast,  r13  was 
nearly  zero  for  all  compositions  examined  at  all  the  temperatures.  The  large  r33  near  the  MPB  and 
the  observed  crystal  orientation  effect  of  the  EO  coefficients  were  also  analyzed.  ©  2000 
American  Institute  of  Physics.  [S0003-695 1(00)02735-2] 


Ferroelectric  crystals  with  high  electro-optical  (EO) 
coefficients  are  highly  desirable  for  use  in  devices  for 
optical  communications  and  other  commercial  applica¬ 
tions.1,2  The  search  for  a  class  of  materials  with  high  EO 
coefficients  will  allow  for  smaller  size  devices  and  lower 
operating  voltage.  A  good  candidate  as  such  a  substance  is 
Pb(Zn1/3Nb2/3)03-PbTi03  (PZN-PT)  single  crystals,  which 
were  found  recently  to  possess  both  very  high  piezoelectric 
coefficients  and  electric-field-induced  strains  by  working 
with  different  crystal  orientations.3"6  A  unique  feature  to  this 
crystal  system  is  that  relatively  high-quality  single  crystals 
can  be  grown  at  compositions  close  to  the  tetragonal- 
rhombohedral  moiphotropic  phase  boundary  (MPB)  and  a 
high  EO  response  is  expected  at  near  the  MPB.7  In  the  fol¬ 
lowing,  we  report  on  the  results  of  a  recent  investigation  of 
the  linear  EO  coefficients  of  PZN-PT  single  crystals  over  a 
broad  composition  range  (i.e.,  PZN-PT  with  0%,  4.5%,  8%, 
10%,  and  12%  PT),  especially  near  the  MPB,  and  in  a  tem¬ 
perature  range  of  —20  to  80  °C  [below  the  ferroelectric- 
paraelectric  (FE-PE)  transition  temperature]. 

The  crystals  used  in  this  work  were  grown  by  means  of 
a  high-temperature  flux  technique  using  high-purity 
(>99.9%)  powders  of  Pb304,  ZnO,  Nb205,  and  Ti02.4,5  The 
single-crystal  samples  were  orientated  along  the  spontaneous 
polarization  direction  using  a  Laue  camera.  The  crystals 
were  then  poled  to  ensure  a  single-domain  configuration.  The 
poling  process  was  performed  at  a  temperature  about  50  °C 
higher  than  the  FE-PE  phase  transition  and  then  slowly 
cooled  down  to  room  temperature  under  the  field.  The  poled 
samples  were  carefully  polished  to  an  optical  grade,  without 
affecting  the  crystal  polarization.  The  poling  direction  was 
(111)  for  crystals  on  the  rhombohedral  side  of  the  MPB 
(PZN-PT  with  0%,  4.5%,  and  8%  PT)  and  (001)  for  crystals 
on  the  tetragonal  side  of  the  MPB  (PZN-PT  with  10%  and 
12%  PT),  respectively.  To  study  the  crystal  orientation  ef¬ 
fect,  the  EO  coefficients  were  also  characterized  for 
0.92PZN-0.08PT  poled  in  the  (001)  direction. 

The  EO  effect  describes  the  change  (A ntj)  in  the  reffac- 
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five  index  due  to  an  applied  electric  field  ( Ek ).  For  poled 
ferroelectric  crystals,  we  have1,7 

1  3 

A»,y=-r»yE  riJkEk,  (1) 

^  k~  1 

where  rijk  and  are  the  linear  EO  coefficient  and  refractive 
index,  respectively.  In  this  work,  the  EO  coefficients,  r13 
(  =  rI13)  and  r33(  =  r333),  were  measured  at  a  wavelength  of 
623.8  nm  using  a  computer-controlled  scanning  Mach- 
Zender  interferometer  similar  to  the  one  reported  in  Ref.  7. 
For  the  work  described  here,  the  optical  setup  was  upgraded 
to  allow  for  varying  temperature  among  the  crystals  mea¬ 
sured.  A  precise  feedback-controlled  temperature  stage  was 
designed  and  built  to  fit  into  the  optical  setup.  This  apparatus 
can  operate  in  a  temperature  range  of  -20-80  °C  at  a  preci¬ 
sion  of  less  than  0.1  °C. 

For  the  PZN-PT  single  crystals,  applying  an  electric 
field  contributes  in  two  ways  to  the  change  in  the  optical  path 
length  (the  principal  parameter  directly  measured  by  the  in¬ 
terferometer).  The  first  is  the  change  in  optical  index  due  to 
the  EO  effect;  second  is  the  change  (A/)  in  sample  thickness 
along  the  optical  path  due  to  the  piezoelectric  effect  (A  HI 
~d3iE3i  where  d3l  and  /  are  the  transverse  piezoelectric 
coefficient  and  the  sample  thickness  along  the  optical  path 
direction).  In  order  to  determine  the  real  values  of  the  EO 
coefficients,  the  contribution  of  the  piezoelectric  effect  to  the 
apparent  EO  coefficient  r*  was  measured.  The  correction 
was  made  using  the  relation.7 


where  ij—33  and  13,  «,*  is  ne  when  correcting  for  the  value 

of  r33 ,  and  n0  when  the  correction  is  made  for  the  value  of 

„  7 

r  13* 

A  summary  of  the  EO  coefficients  measured  at  room 
temperature  for  the  five  investigated  compositions  is  pre¬ 
sented  in  Table  I.  Both  the  apparent  and  corrected  EO  coef¬ 
ficients  are  listed,  along  with  the  measured  piezoelectric  co¬ 
efficient  d3X .  The  results  in  Table  I  reveal  several  interesting 
features.  First,  compared  with  r33,r13  is  nearly  zero.  This  is 
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TABLE  I.  EO  coefficients  (r33  and  r13)  of  PZN-PT  single  crystal  at  room 
temperature.  Here,  r33  and  rf3  are  the  apparent  values,  d2i  is  the  piezoelec¬ 
tric  coefficient,  and  r33  and  rI3  are  the  real  values. 


Composition 

Poling 

direction 

r33 

(pm/V) 

r* 

M3 

(pm/V) 

~dM 

(pC/N) 

'33 

(pm/V) 

^13 

(pm/V) 

PZN 

<m> 

77 

8 

10 

75 

6 

0.955PZN-0.045PT 

<in> 

81 

9 

15 

78 

6 

0.92PZN-0.08PT 

<ni> 

105 

24 

42 

97 

16 

0.92PZT-0.08PT 

<001) 

655 

220 

1070 

450 

15 

0.9PZN-0.1PT 

(001) 

224 

42 

247 

177 

~0 

0.88PZN-0.12PT 

<001) 

173 

44 

210 

134 

7 

true  for  crystals  in  both  the  rhombohedral  and  tetragonal 
phases.  Second,  large  r33  is  observed  for  compositions  near 
the  MPB  (see,  also,  Fig.  1).  Third,  for  the  same  composition 
(e.g.,  0.92PZN-0.08PT),  the  r33  coefficient  of  the  crystal 
poled  in  the  (001)  direction  is  much  higher  than  that  of  the 
crystal  poled  in  the  (1 1 1)  direction. 

For  crystals  in  the  tetragonal  phase,  the  measured  linear 
EO  coefficients  can  be  related  to  the  polarization-related  qua¬ 
dratic  EO  coefficients  gn  and  gu,  which  can  be  determined 
at  the  prototype  cubic  phase  at  temperatures  above  the 
FE-PE  transition  temperature  [  A  n  =  —  ( 1  (2)  n  * 

X  \gijkiP k? i  >  where  Pk  is  the  polarization  component 

in  the  k  direction],  as  follows:8,9 

rx=2Kx€0Psgu  and  rn=2K33€0Psgl2i  (3) 

where  gn=gim  and  g\2=g\\22>  and  Ps  and  K33  are  the 
spontaneous  polarization  and  dielectric  constant,  respec¬ 
tively,  in  the  (001)  direction.  e0  is  the  vacuum  permittivity 
(  =  8.85X  10~  I2F/m).  Therefore,  the  observation  of  a  near- 
zero  r13  in  comparison  to  r33  implies  a  near-zero  gl2  in  com¬ 
parison  to  gu  or  gn-gi2""g ii  • 

For  crystals  in  the  rhombohedral  phase,  the  measured  r33 
and  r13  can  be  also  linked  to  gtj  in  the  prototype  cubic 
phase:8,9 

r33=  (2/3)K33e0P  s(g  i  ]  +  2^12+2^-44), 

rl3=(2/3)K33e0Ps(gn  +  2gl2-2g44).  (4) 

Using  ^n"“gI2=  0.013  m4/C2  and  g44=  0.009 m4/C2  as  ac¬ 
quired  by  Nomura,  Arima,  and  Kojima  for  PZN-PT  at  com¬ 
positions  near  the  MPB,  and  the  fact  that  g12  is  near  zero,10 
Eq.  (4)  shows  that  the  r{3  is  very  small,  which  is  consistent 
with  experimental  results.  A  large  r33  and  a  near-zero  r13 
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FIG.  2.  Temperature  dependence  of  EO  coefficients  for  0.92PZN-0.08PT 
single  crystal  poled  in  different  directions:  (a)  (001)  and  (b)  (111). 

indicate  that  the  applied  electric  field  in  the  spontaneous  po¬ 
larization  direction  does  not  affect  the  overall  electronic  po¬ 
larization  of  the  unit  cell  in  the  directions  perpendicular  to  it. 
Furthermore,  the  near-zero  gl2  implies  that  the  refractive  in¬ 
dex  in  these  directions  will  not  change  with  Ps  as  the  tem¬ 
perature  is  varied,  even  when  it  passes  the  FE-PE  transition. 

It  should  be  noted  that  in  Eq.  (4),  Ps  and  K33  are  the 
spontaneous  polarization  and  dielectric  constant,  respec¬ 
tively,  in  (111)  direction,  which  differs  from  those  used  in 
Eq.  (3).  Using  Eqs.  (3)  and  (4),  one  can  directly  compare  the 
EO  coefficients  for  the  crystals  in  the  rhombohedral  and  te¬ 
tragonal  phases  since  the  gtJ  value  changes  little  at  the  two 


FIG.  1 .  EO  coefficients  at  room  temperature  vs  compositions  for  PZN-PT 
single  crystals. 


FIG.  3.  Temperature  dependence  of  EO  coefficients  for  PZN  and 
0.955PZN-0.045PT  single  crystals  poled  in  the  (1 11)  direction. 
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FIG.  4.  Temperature  dependence  of  EO  coefficients  for  0.9PZN-0.1PT 
single  crystal  poled  in  the  (001)  direction. 

sides  of  the  MPB.  For  0.92PZN-0.08PT,  the  EO  coefficients 
were  measured  for  crystals  poled  along  both  the  (111)  and 
the  (001)  directions.  Both  the  dielectric  constant  and  Ps  were 
also  acquired  for  the  corresponding  crystals.  For  the  crystal 
poled  in  the  (111)  direction,  Ps  and  K33  in  (111)  are  0.45 
C/m2  and  807,  respectively,  while  for  the  crystal  poled  in 
(001)  direction,  Ps  and  K33  are  0.32  C/m2  and  3800,  respec¬ 
tively.  Using  these  values  and  Eqs.  (3)  and  (4),  the  ratio  of 
r33  between  the  tetragonal  crystal  and  the  rhombohedral 
crystal  is  about  4.2,  while  the  experimentally  measured  ratio 
is  4.6.  The  two  ratios  are  quite  close  to  each  other,  indicating 
that  the  EO  coefficients  were  from  the  responses  of  single¬ 
domain  crystals  in  both  cases.  Also,  the  result  suggests  that 
K33  for  both  (001)  and  (1 1 1)  poled  0.92PZN-0.08PT  should 
stem  mostly  from  the  single-domain  crystal.  In  that  the  qua¬ 
dratic  EO  coefficient  gu  exhibits  no  anomalous  changes  in 
compositions  across  the  MPB,  Eqs.  (3)  and  (4)  suggest  that 
the  large  linear  EO  response  observed  here  near  the  MPB  is 
due  to  the  large  dielectric  constant  of  the  material  at  that 
region. 

It  should  be  also  mentioned  that  direct  comparison  of  the 
measured  r33  with  that  from  either  Eq.  (3)  or  (4)  shows  that 
the  measured  value  is  much  larger  than  that  deduced  from 
the  equations.  For  example,  for  0.92PZN-0.08PT  crystal 
poled  in  the  (001)  and  (111)  directions,  the  calculated  r33 
using  Eqs.  (3)  and  (4)  is  about  280  and  66  pm/V,  respec¬ 
tively,  while  the  measured  r33  is  450  and  97  pm/V,  respec¬ 
tively.  As  discussed  in  an  early  publication,7  the  discrepancy 
could  stem  from  the  fact  that  the  measured  g{J  using  the  EO 
effect  at  temperatures  above  the  FE-PE  transition  may  be 
smaller  than  the  real  single-crystal  value.  This  is  due  to  the 
relaxor  nature  of  the  material,  in  which  resides  local  polar¬ 
ization  regions  even  at  temperatures  higher  than  the  FE-PE 
transition  temperature.11-13  Both  the  orientation  and  breath¬ 
ing  of  the  polar  regions  contribute  to  the  dielectric  behavior 


(polarization)  of  the  materials,14,15  but  do  not  contribute  to¬ 
tally  to  the  refractive-index  change.7  For  example,  a  180° 
local  polar  region  reorientation,  which  leads  to  a  large  polar¬ 
ization  change,  will  not  cause  a  large  change  in  the  optic 
index. 

We  now  discuss  the  temperature  dependence  of  these 
EO  coefficients.  Figure  2  shows  the  EO  coefficient  r ^  as  a 
function  of  temperature  for  0.92PZN-0.08PT  poled  in  the 
(001)  and  (111)  directions,  respectively,  which  reveals  that 
rtj  changes  with  temperature.  This  temperature-dependence 
behavior  was  also  observed  for  other  compositions  on  the 
rhombohedral  side  of  the  MPB  (see  Fig.  3).  In  contrast,  for 
the  two  compositions  on  the  tetragonal  side  of  the  MPB,  the 
EO  coefficient  is  nearly  independent  of  temperature,  as 
shown  in  Fig.  4,  where  both  the  apparent  and  real  EO  coef¬ 
ficients  are  displayed.  Since  gu  should  be  nearly  temperature 
independent,  Eq.  (3)  implies  that  the  value  of  the  dielectric 
constant  times  spontaneous  polarization  ( K33PS )  should  be 
nearly  independent  of  temperature.  Indeed,  the  directly  mea¬ 
sured  Ps  and  K33  of  the  crystal  with  temperature  confirm  this 
effect. 

In  summary,  a  large  r33  coefficient  was  observed  for 
PZN-PT  single  crystals  near  the  MPB.  In  addition,  the  co¬ 
efficient  is  independent  of  temperature  for  the  tetragonal 
phase  crystal  in  the  experimental  temperature  range  of  —20- 
80  °C.  In  comparison  to  r33  ,r13  is  nearly  zero  for  all  compo¬ 
sitions  investigated.  These  features  are  very  attractive  for 
device  applications.  It  was  also  found  that  r33  for  the  tetrag¬ 
onal  phase  is  much  higher  than  that  for  the  rhombohedral 
phase.  Detailed  analysis  indicates  that  this  increase  is  caused 
largely  by  the  high  dielectric  constant. 

This  work  was  supported  by  ONR  under  Grant  No. 
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In  order  to  explore  the  photoelastic  effects  of  the  ferroelectric  single  crystal 
Pb(Zn1/3Nb2/3)03-PbTi03  (PZN-PT),  the  piezo-optical  coefficients  n  were  characterized  for 
0.9PZN-0.1PT  and  0.88PZN-0.12PT  under  uniaxial  stress  using  an  interferometer  method.  The 
results  show  that  the  crystal  exhibits  very  large  tt  values  (for  example,  7t33  can  reach  19.8 
X  10"12m2/N),  indicating  that  this  material  is  a  good  candidate  for  stress  sensors  and  acousto-optic 
modulators.  ©  2001  American  Institute  of  Physics.  [DOI:  10.1063/1,1363684] 


l.  INTRODUCTION 

The  phenomenon  of  photoelastic  behavior  in  crystals  is 
attractive  for  many  applications,  such  as  stress  sensors  and 
light  modulators.1,2  In  order  to  improve  the  performance  of 
these  devices,  new  materials  with  a  large  photoelastic  effect 
are  highly  desirable.  Recently,  there  has  been  an  increased 
interest  in  Pb(Zn1/3Nb2/3)03-PbTi03  (PZN-PT)  single  crys¬ 
tals  because  the  crystals  exhibit  very  large  piezoelectric  con¬ 
stants,  high  electromechanical  coupling  factors,  and  massive 
electro-optic  effects.3-6  The  unique  feature  of  these  materials 
is  that  high  quality  single  crystals  can  be  grown  at  composi¬ 
tions  close  to  the  tetragonal -rombohedral  morphotropic 
phase  boundary  (MPB),  where  very  large  ferroelastic  cou¬ 
pling  is  expected  for  this  class  of  crystals  because  of  a  large 
lattice  constant  change  between  the  two  morphotropic 
phases.7,8  In  general,  materials  with  large  ferroelastic  re¬ 
sponses  may  also  have  high  photoelastic  effects.  Especially, 
for  materials  near  MPB,  the  large  lattice  parameter  changes 
with  composition  will  result  in  large  changes  in  the  refractive 
index.  Equivalently,  the  stress  induced  phase  transition  (shift 
of  the  MPB  with  stress)  will  also  bring  additional  and  large 
refractive  index  changes,  which  enhances  the  overall  photo¬ 
elastic  effects.  Therefore,  it  is  interesting  to  investigate  the 
photoelastic  effect  of  PZN-PT  single  crystals  near  MPB. 

PZN-PT  single  crystals  are  the  solid  solutions  of  lead 
zinc  niobate  and  lead  titanate  and  the  crystals  used  here  were 
grown  by  a  high  temperature  flux  method.4  Among  them, 
0.9PZN-0.1PT  was  chosen  since  this  composition  is  close  to 
MPB  in  the  tetragonal  side  at  room  temperature,  and 
0.88PZN-0.12PT  was  also  measured  for  comparison.7  The 
sample  was  poled  along  its  spontaneous  polarization  direc¬ 
tion  ((001)  direction)  to  form  a  single  domain  state,  then 
carefully  polished  to  optical  grade  as  described  in  Ref.  5. 
The  typical  specimen  dimension  is  3X3X3  mm3. 


a)Electronic  mail:  YXL27@PSU.EDU 
002 1  -897 9/2001  /89(9)/507 5/4/$  1 8. 00 


II.  PHOTOELASTIC  EFFECT  AND  ITS  MEASUREMENT 

Photoelastic  effect  describes  the  change  of  the  refractive 
index  as  a  result  of  mechanical  stress.  Under  an  applied 
stress  Tki,  the  change  of  refractive  index  ntj  is  given  by2 

A5/y-= a(^y)  =  TTijkiTki,  (1) 

where  B;j  is  the  optical  dielectric  impermeability,  which  is 
equal  to  !/«?■;  7 Tijkl  is  the  piezo-optical  coefficient  (/,  j,  k, 
and  /=l-3).  In  this  work,  the  piezo-optical  coefficients, 

7r13(:=7rU33),  7T33(  =  7r3333),  1 1(  “  m) ,  and  7r31 

( =  7733ii)  were  characterized  at  room  temperature  at  a  wave¬ 
length  of  623.8  nm  utilizing  uniaxial  stress  measurements. 
As  schematically  shown  in  Fig.  1,  by  applying  the  compres- 
sional  stress  along  the  three  axis  (Z33)  which  is  along  the 
sample  poling  direction,  the  piezo-optical  coefficient  7T33  can 
be  obtained  from  the  change  of  the  extraordinary  refractive 
index  ne ;  and  7r13  can  be  determined  from  the  change  of  the 
ordinary  refractive  index  n0. 

To  generate  the  required  uniaxial  stress  on  the  crystal,  a 
special  setup  was  carefully  designed.  In  this  setup,  a  piezo¬ 
electric  actuator  (Thorlabs  Inc.,  AE0505D08)  was  used  to 
generate  a  dynamic  force  by  applying  an  ac  electric  driving 
voltage  to  the  actuator,  and  the  stress  was  measured  using  a 
high  performance  load  cell  (Omegadyne  Inc.,  LC302-25). 
The  refractive  index  change  was  measured  at  a  wavelength 
of  623.8  nm  using  a  computer-controlled  scanning  Mach- 
Zender  interferometer,  as  schematically  shown  in  Fig.  2, 
similar  to  the  one  reported  in  the  Ref.  5.  Since  the  dynamic 
force  was  used  in  the  experiment,  a  lock-in  amplifier  was 
used  to  detect  the  modulated  interference  output  signal  at  the 
frequency  of  the  applied  stress,  which  significantly  improves 
the  sensitivity  of  the  measurement.  Therefore,  the  stress  ap¬ 
plied  to  the  sample  can  be  very  small  (s=l  kPa  was  used, 
which  is  actually  limited  by  the  resolution  of  the  load  cell) 
eliminating  the  possibility  of  stress  depoling  the  crystal,  es¬ 
pecially  when  applying  the  compressional  stress  along  the 
poling  direction.  For  the  setup  designed  here,  the  frequency 
of  the  dynamic  force  can  be  varied  from  1  to  100  Hz  and  the 
results  reported  were  obtained  at  10  Hz. 

©  2001  American  Institute  of  Physics 
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FIG.  1.  Schematic  drawing  for  the  measurement  of  7t33  and  7r13  where  the 
uniaxial  stress  is  applied  along  the  three  axis.  The  laser  light  propagation 
direction  and  the  light  polarization  direction  for  the  measurement  of  7t33  and 
tt,3  are  indicated. 


It  should  be  mentioned  that,  in  this  interferometer  tech¬ 
nique,  the  directly  measured  optical  path  length  change  is  the 
result  of  two  effects,  i.e.,  the  change  in  the  refractive  index 
(piezo-optical  effect)  and  the  change  in  the  sample  dimen¬ 
sion  (elastic  deformation  of  the  sample  due  to  stress).  In 
order  to  extract  the  refractive  index  change  due  to  the  piezo- 
optical  effect,  the  sample  dimensional  change  along  the  op¬ 
tical  path  under  the  same  applied  stress  was  measured  using 
a  double  beam  interferometer  method.9  After  this  correction, 
the  piezo-optical  coefficient  tt  can  be  obtained. 

III.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

For  piezoelectrics,  there  are  two  types  of  the  tt  coeffi¬ 
cients,  i.e.,  77 M  and  it0,  due  to  the  different  electric  boundary 
conditions  of  the  sample  in  the  measurement.  Because  of  the 
piezoelectric  effect,  a  voltage  will  be  generated  under  the 
applied  stress  if  the  measurement  is  carried  out  in  an  open 
circuit  condition  (constant  electric  displacement,  D)  and  in 
this  case,  7r°  is  measured.  On  the  other  hand,  if  the  measure¬ 
ment  is  carried  out  in  the  short  circuit  condition  (constant 
electric  field,  E ),  where  the  sample  surfaces  at  the  positive 
and  negative  polarization  directions  are  electroded  and  the 
two  electroded  surfaces  are  connected  (shorted),  77^  is  mea¬ 
sured.  As  will  be  shown  later,  the  difference  between  7 rE  and 
77^  is  determined  by  the  electro-optical  and  piezoelectric  ef¬ 
fects.  That  is,  the  stress-generated  electric  field  on  the  sample 
in  the  open  circuit  condition  also  results  in  a  change  of  re¬ 
fractive  index  through  the  electro-optic  effect.  In  this  inves¬ 
tigation,  the  piezo-optical  coefficients  7rn,  7r31,  7t13,  and 
7r33  under  both  the  constant  electric  field  and  the  constant 
electric  displacement  conditions  were  measured.  Table  I 


FIG.  2.  Schematic  drawing  of  the  computer-controlled  scanning  Mach- 
Zender  interferometer  for  piezo-optical  measurement. 


TABLE  I.  Piezo-optical  coefficients  of  single  crystal  PZN-PT  at  room  tem¬ 
perature  (X  10-12  m2/N). 


0.9PZN- 

-0.1  PT 

0.88PZN- 

-0.12PT 

19.8 

A 

18.2 

*f3 

-1.6 

A 

-0.9 

A, 

2.3 

A,  - 

0.8 

-10.4 

*f, 

-9.3 

6.2 

A 

6.0 

< 

-2.5 

A 

0.2 

A 

2.4 

A 

1.3 

A 

-4.6 

A 

-3.9 

summarizes  the  final  results  for  0.9PZN-0.1PT  and 
0.88PZN-0.12PT  single  crystals. 

To  provide  an  understanding  of  the  measured  results,  a 
phenomenological  treatment  will  be  used  to  link  the  change 
of  optical  properties  of  the  crystals  to  the  applied  stress,  elec¬ 
tric  field,  as  well  as  the  remanent  polarization.10  From  the 
symmetry  consideration,  the  change  of  the  optical  imperme¬ 
ability  for  the  PZN-PT  single  crystals  can  be  written  as 

ij “  ^ ijkl Tkl  +  Sijmn^m^n  “b  f  ijklm n  TjrfP mP n  >  (2) 

where  7 is  the  piezo-optical  coefficient  of  the  prototype 
phase  (cubic  for  PZN-PT  single  crystals  studied  here)  where 

=  Pm  is  polarization  component  along  the  m  axis, 
Sijmn  is  quadratic  polarization-optic  (PO)  constant,  and 
fijkimn  is  the  first  order  cross  term  between  T  and  P.  In  Eq. 
(2),  all  the  higher  order  terms  have  been  omitted.  Based  on 
the  results  in  this  study,  we  find  the  three  terms  in  Eq.  (2)  are 
on  the  same  order  of  magnitude.  To  simplify  the  formula,  a 
matrix  notation  will  be  used  in  following  derivations  (i.e., 
11— >1,  22-+2,  33-+3).11 

For  the  uniaxial  stress  used  here,  only  7^  or  T3  is  the 
nonzero  stress  component.  In  the  prototype  cubic  phase 
where  the  spontaneous  polarization  is  zero, 

=  7t°uT1  +  7r  °3r3 , 

A^^I^  +  TT^.  (3) 

For  the  prototype  cubic  phase,  BX=B3,  Tx  and  T3  are  inter¬ 
changeable,  and  hence  the  piezo-optical  coefficients  ^33 
7r°|,  and  773i=77°3,  respectively. 

In  the  ferroelectric  tetragonal  phase  where  the  total  po¬ 
larization  is  P3 , 

A  B{  =  77  °,r,  +  77?3 T3+gnPl+fmTxPl+fl33T3Pl 

AZ?3=  v°nTl  +  AnT3+g33p\+fmTxPl+fmT3P\.  (4) 

In  order  to  obtain  the  expressions  for  the  piezo-optical  coef¬ 
ficients  in  the  tetragonal  phase,  the  total  polarization,  which 
includes  the  spontaneous  polarization  Ps  and  the  induced 
polarization  due  to  the  external  field,  should  be  calculated. 
Under  the  constant  electric  field  condition  (constant  E ),  the 
total  polarization  P3  can  be  derived  from  the  piezoelectric 
constitutive  equation  as  P3  =  F>5  +  £/3171  +  </3373,  where  d3] 
and  d33  are  the  piezoelectric  constants  of  the  crystal.11  Sub¬ 
stituting  P3  into  Eq.  (4)  yields 
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TABLE  II.  Electro-optic  coefficients  (r,7),  piezoelectric  constants  and  dielectric  constant  (K3)  in 


PZN-PT  single  crystals. 


Composition 

rf3i  (pC/N) 

d»  (pC/N) 

r 33  (pm/V) 

r, 3  (pm/V) 

0.9PZN-0.1PT 

-247 

770 

t  177 

0 

1000 

0.88PZN-0.12PT 

-210 

610 

134 

7 

800 

A  B ,  =  g  nP2s +  ( TT°n  +  2g  nPsd3 1  +/i  13^) T\ 

+  (7T®3  +  2gi3P sdl3+f  mP^Ty , 

±Bi=giiP]  +  ('n-u+2gnPsd)X+fmP2s)Tl 

+  (^,  +  2^ s^33  +/333P*  )  ^3  • 

The  first  term  in  Eq.  (5)  represents  the  spontaneous  birefrin¬ 
gence  by  the  PO  effect  due  to  the  spontaneous  polarization  in 
the  ferroelectric  phase.  The  second  and  third  terms  are  the 
refractive  index  changes  as  a  consequence  of  the  applied 
stress  under  constant  electric  field,  which  are  photoelastic 
effects.  Hence,  the  piezo-optical  coefficients  can  be  ex¬ 
pressed  as 

=  *11' +  2gl3^31  +/ll3^> 

^3  ”  77 13  +  1 3^^33 +/l » 

Tff  1  =  77?3  +  2g33P^3 1 +/3 !  3^ , 

*33  =  77 1 1 +  2#33^  sd  33  +/333^?  • 

Under  the  constant  electric  displacement  condition  (con¬ 
stant  D),  the  total  polarization  P3  equals  Ps+d3XTx/K3 
+  d33T3  IK3 ,  where  K3  is  the  relative  permittivity.11  So,  the 
piezo-optical  coefficient  7 r°  can  also  be  derived  as 

7rf1=7r?1  +  2g13P^3l/^3Vil3^2^77?1Vll3^^ 

7Tj3+2g  [3Psd33/K3  +/l33^>5^7r13+/l33^>2» 

(7) 

77?i=77n+2g33^3t^3+/313^2^77?3+/313^2, 

ir?3  =  *11 +  2*33^33  /*3  +/333^2^77?1  +/333^  • 

Since  for  material  studied  here  is  around  1000,  the  ap¬ 
proximation  in  Eq.  (7)  is  reasonable. 

In  the  ferroelectric  tetragonal  phase  the  linear  electro¬ 
optic  effect  is  related  to  the  quadratic  PO  effect,  as  rl3 
=  2 gi3e3Ps  and  r33= 2g33e3Ps ,  where  rx3  and  r33  are  the 
linear  electro-optic  coefficients,  and  63  are  the  dielectric  per¬ 
mittivity  of  the  crystal.5  Therefore,  Eq.  (6)  can  be  rewritten 
as 

*\\  =  7rll  +  r  13^31 1 63+/ll3^2> 

^3=  7r?3  +  r13rf33/e3+/l33/>j. 

p  .  ,  (8) 

TJ-fl  =  ir?3  +  ''33^31 1  e3  +fmpl> 

1r33=  7rU  +  r  33^33^3  +/333^’s> 

and  Eq.  (7)  as, 


'nfi=iru  +  r  13^3 1^3- 
^13=  ''dW  13^33^3. 

«fl  =  ^  +  '•33^31  /e3. 

^33=  ’jt33  +  r nd 33 I e3  ■ 

Equation  (9)  shows  that  the  difference  between  the  tte 
and  tt0  is  caused  by  the  combination  of  both  piezoelectric 
and  electro-optic  effects.  If  either  the  piezoelectric  or  electro¬ 
optic  effects  are  equal  to  zero,  then  7 should  be  equal  to 
7 r°.  By  knowing  the  relevant  coefficients,  this  difference  can 
also  be  directly  calculated  from  Eq.  (9).  Making  use  of  the 
electro-optic  coefficients  measured  in  Ref.  5,  the  piezoelec¬ 
tric  coefficients  and  dielectric  constants  measured  here  that 
are  listed  in  Table  II,5,6  the  differences  are  evalu¬ 

ated.  As  shown  in  Table  III,  the  calculated  differences  match 
quite  well  with  the  measured  ones. 

From  the  measured  results,  some  of  the  coefficients  in 
Eq.  (2)  can  be  estimated.  The  quadratic  PO  coefficients  g/ymrt 
have  been  discussed  in  Ref.  5  and  from  Eq.  (7),  one  can  get, 


■nf3-7Jfl~(/333-/ll3)^> 
IT  133-/313)  P^- 


rn 


Using  the  values  in  Table  I  from  0.9PZN-0.1PT  and  Ps 
=  0.4C/m2,  /333“_/ii3===24X  10  12m6/NC2  and  f\33~ /313 
=  13X  10"12m6/NC2  are  obtained. 

It  should  also  be  pointed  out  that  the  coefficients  in  Eq. 
(2)  should  remain  nearly  constant  as  the  PZN-PT  crystal 
composition  changes  from  0.9PZN-0.1PT  to  0.88PZN- 
0.1 2PT.  As  a  result,  Eq.  (7)  reveals  that  the  piezo-optical 
coefficients  fnD  should  not  change  with  composition  for  the 
two  compositions  investigated.  Indeed,  7 t33  measured  from 
the  two  compositions  are  nearly  the  same.  The  observed  dif¬ 
ference  in  other  77 r°  is  caused  by  the  experiment  error,  where 
except  7r33,  the  correction  term  due  to  the  stress  induced 
sample  dimension  change  is  the  same  as  or  even  larger  than 
the  term  from  the  stress  induced  refractive  change.  The 


TABLE  III.  Difference  of  A-0  coefficients  between  constant  E  and  con¬ 
stant  D  conditions  ( X  10" 12  m2/N). 


0.9PZN-0.1PT 

’4-wh 

*f3-w?3 

"fi-^ 

*3! 

-7T?j 

Calculated 

15.4 

0 

0 

- 

4.9 

Measured 

13.6 

0.9 

-0.1 

_ 

5.8 

0.88PZN-0.12PT 

^3-^3 

4-^3 

~*3i 

Calculated 

11.5 

0.6 

-0.2 

- 

4.0 

Measured 

12.2 

-1.1 

-0.5 

— 

■5.4 
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larger  value  of  7rf3  for  0.9PZN-0.1PT  in  comparison  with 
0.88PZN— 0. 12PT  is  the  MPB  effect  as  discussed  in  the  In¬ 
troduction. 

It  is  also  interesting  to  compare  the  piezo-optical  coeffi¬ 
cients  for  PZN-PT  crystals  investigated  here  with  the  cur¬ 
rently  widely  used  acousto-optic  material  Te02,  which  has 
irus"  19.19X  10_12m2/N  and  t t12=  19.85X  10“ 12 m2/N. 12 
Apparently,  0.9PZN-0.1PT  single  crystal  has  a  comparable 
photoelastic  effect.  In  addition,  this  material  has  relatively 
large  elastic  compliance  which  results  in  a  lower  sound  ve¬ 
locity  (~2400  m/s).13  Therefore,  the  figure  of  merit  for  an 
acousto-optic  device  will  also  be  large.2 

IV.  CONCLUSIONS 

The  photoelastic  effect  of  0.9PZN-0.1PT  single  crystals 
was  characterized  under  uniaxial  stress  using  an  interferom¬ 
eter  method.  The  piezo-optical  coefficients  7r33,  7r31 ,  7 rn, 
and  7r13  under  both  constant  electric  field  and  constant  elec¬ 
tric  displacement  conditions  were  measured.  It  was  found 
that  the  piezo-optical  coefficient  7 rf3  is  19.8X  10_12m2/N, 
which  is  very  large  in  comparison  with  currently  known  pho¬ 
toelastic  materials.  Therefore,  the  crystal  is  a  very  good  can¬ 
didate  for  stress  sensors  and  other  acousto-optic  devices.  In 
particular,  since  this  material  also  possesses  a  very  large 
electro-optic  effect5’6  and  piezoelectric  effect,3’4’7  the  combi¬ 


nation  of  these  three  effects  make  it  very  attractive  and  more 
flexible  in  producing  high  performance  multifunctional 
devices. 
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The  effect  of  high-energy  electron  irradiation  on  structural  and  polarization  properties  of  50/50 
mol  %  copolymer  of  poly(vinylidene  fluoride-trifluoroethylene)  was  investigated  for  both 
mechanically  stretched  and  unstretched  films.  Although  stretching  can  significantly  enhance  the 
polarization  and  dielectric  responses  in  unirradiated  films,  it  was  observed  that  this  enhancement 
was  not  significant  in  irradiated  films.  In  addition,  the  polarization  in  both  types  of  films  after 
irradiation  can  be  described  quite  well  by  a  logarithmic  mixing  law  of  composites,  which  consist  of 
crystallites  embedded  in  an  amorphous  matrix  with  nearly  the  same  fitting  parameters.  On  the  other 
hand,  the  enhancement  of  the  mechanical  properties  from  stretching  persists  after  the  irradiation, 
and  the  elastic  modulus  along  the  stretching  direction  remains  high  after  irradiation  in  comparison 
with  unstretched  films.  It  was  found  that  the  dielectric  dispersion  in  both  types  of  films  after 
irradiation  fits  well  to  the  Vogel-Fulcher  law.  It  was  also  observed  that  the  crystallinity  decreases 
and  the  crosslinking  coefficient  increases  continuously  with  dose.  However,  there  was  no  direct  one 
to  one  type  relationship  between  the  crystallinity  and  the  crosslinking  coefficient.  Although 
stretching  can  reduce  the  rate  of  crosslinking,  the  reduction  of  crystallinity  with  dose  for  stretched 
and  unstretched  films  does  not  show  a  marked  difference.  ©  2000  American  Institute  of  Physics . 
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I.  INTRODUCTION 

Since  the  discovery  of  ferroelectricity  in  the  vinylidene 
fluoride-trifluoroethylene  copolymers  P(VDF-TrFE),  exten¬ 
sive  research  has  been  carried  out  to  understand  the  ferro¬ 
electric  behavior,  to  enhance  the  electromechanical  proper¬ 
ties,  and  to  establish  structure-property  relationship.1-4  It  is 
well  known  that  the  electromechanical  properties  are  highly 
dependent  upon  the  structural  parameters  such  as  molecular 
orientation,  crystallinity,  and  the  state  of  polarization.4-6 
Various  methods  such  as  high  temperature  annealing,7 
stretching,  and  high  electric  field  poling8-10  have  been  em¬ 
ployed  to  introduce  high  degree  of  crystallinity  and  perfect 
alignment  of  dipoles  in  polymer  films. 

We  have  shown  recently  that  under  proper  electron  irra¬ 
diation  treatment,  P(VDF-TrFE)  copolymers  can  exhibit 
massive  electrostrictive  strain  with  high  elastic  energy 
density.11,12  It  was  also  observed  that  a  piezoelectric  state 
can  be  induced  in  this  copolymer  under  a  dc  electric  bias 
field  with  a  piezoelectric  constant  approaching  those  of  the 
current  piezoceramic  materials.13  In  addition,  the  irradiation 
treatment  was  found  to  convert  the  polymer  from  a  normal 
ferroelectric  to  a  relaxor  ferroelectric  exhibiting  a  broad  di¬ 
electric  relaxation  peak  following  Vogel-Fulcher  law,14  as 
observed  in  the  inorganic  ferroelectric  relaxors  like  lead 
magnesium  niobate  (PMN). 15,16  These  distinct  features  make 
this  material  very  attractive  for  a  broad  range  of  applications 
such  as  transducers,  actuators,  and  sensors,17,18  and  also  for 
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the  fundamental  study  of  ferroelectric  systems  with  frozen-in 
defects  and  frustrations.16 

It  was  observed  that  the  electromechanical  properties  of 
irradiated  copolymers  depend  crucially  on  the  processing 
conditions  both  prior  and  during  the  irradiation.  For  ex¬ 
ample,  by  mechanically  stretching  the  copolymer  films  prior 
to  the  irradiation,  the  electric  field  induced  strain  and  elec¬ 
tromechanical  coupling  coefficient  can  become  much  higher 
along  the  stretching  direction  in  comparison  to  the  thickness 
direction  or  unstretched  films.  Furthermore,  the  changes  in 
the  phase  transition  properties  with  irradiation  doses  can  also 
be  affected  markedly  by  stretching.13  These  findings  raise  the 
questions  of  what  are  the  structural  reasons  behind  the  ob¬ 
served  phenomena,  and  how  the  field  induced  strain  and 
other  electromechanical  properties  can  be  improved  further. 

For  the  P(VDF-TrFE)  copolymers,  it  is  well  known  that 
depending  upon  the  molar  content  ratios  of  VDF  (x)  and 
TrFE  (1—  x)  and  on  crystallization  conditions,  the  copoly¬ 
mer  can  crystallize  into  polar  (/?  phase)  and  nonpolar  (a 
phase).19  The  ferroelectric  phase  consists  of  the  polar 
packing  of  zigzag  chains,  while  the  a  phase  is  constructed 
with  an  arrangement  of  antiparallel  TGTG '  chains.  For  co¬ 
polymers  containing  a  VDF  content  of  less  than  about  85%, 
the  ferroelectric-paraelectric  (F-P)  transition  lies  below  their 
melting  temperature.  At  temperatures  higher  than  the  transi¬ 
tion  temperature  (Curie  temperature),  the  /?  phase  is  con¬ 
verted  into  a  paraelectric  phase  with  a  random  mixture  of 
TG,  TG' ,  and  TTTG  conformations. 

©  2000  American  Institute  of  Physics 
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The  effect  of  high-energy  radiation  such  as  gamma  rays 
and  electron  beams  on  polymeric  material  has  been  inten¬ 
sively  studied  over  the  past  several  decades.20^22  It  was 
found  that  the  y  irradiation  improves  the  piezoelectric  reten¬ 
tion  characteristics  in  uniaxialiy  stretched  and  poled  PVDF 
films.23  It  was  observed  that  under  very  specific  electron  ir¬ 
radiation  conditions,  the  P(VDF-TrFE)  copolymer  undergoes 
a  solid  phase  transformation  from  the  ferroelectric  phase  to  a 
structure  similar  to  the  paraelectric  phase.24  Marked  changes 
in  the  dielectric  and  mechanical  properties  in  irradiated  co¬ 
polymers  were  also  observed.25,26  At  high  electron  doses, 
P(VDF-TrFE)  loses  all  crystallinity  and  becomes  an  amor¬ 
phous  polymer.24  Although  these  studies  provide  useful  re¬ 
sults  regarding  changes  in  the  crystalline  phase  and  morphol¬ 
ogy  of  the  VDF  based  polymers,  no  attempt  has  been  made 
to  investigate  the  changes  in  the  ferroelectric  response,  and 
to  link  the  structural  changes  to  the  changes  in  functional 
properties  which  are  of  most  interest  from  both  applied  and 
fundamental  points  of  view. 

In  this  article,  we  will  examine  the  evolution  in  the 
ferroelectric  behavior  of  P(VDF-TrFE)  copolymer  with  irra¬ 
diation,  and  link  them  to  the  chemical  and  morphological 
changes  in  the  copolymer  due  to  irradiation.  It  is  of  great 
interest  to  understand  the  structural  reasons  for  the  appear¬ 
ance  of  relaxor  ferroelectric  behavior  and  directions  for  the 
further  improvement  of  electro-mechanical  properties  in  the 
irradiated  copolymers.  The  composition  chosen  for  this  study 
is  P(VDF-TrFE),  50/50  mol  %  copolymer.  It  was  shown  that 
among  the  compositions  available  to  us  and  investigated  ear¬ 
lier  (50/50,  65/35,  and  70/30  mol%),  it  is  the  only  composi¬ 
tion  that  can  be  converted  to  the  relaxor  ferroelectric  by  2.55 
MeV  energy  electrons  in  both  stretched  and  unstretched 
films.  One  of  the  objectives  here  is  to  investigate  the  differ¬ 
ences  between  unstretched  and  stretched  films  in  various 
properties  pertinent  to  the  relaxor  ferroelectric  behavior  and 
electromechanical  responses  in  irradiated  films.  In  parallel 
with  the  measurement  of  polarization  hysteresis  and  dielec¬ 
tric  properties,  wide  angle  x-ray  diffraction,  thermal  property 
measurement  (differential  scanning  calorimeter,  DSC  data), 
crosslinking  coefficient,  and  elastic  modulus  were  also  used 
to  characterize  the  structural  and  morphological  changes  in 
the  irradiated  copolymer. 


II.  EXPERIMENT 


2.55  MeV  electrons  at  95  °C  with  different  irradiation  doses, 
ranging  from  40  to  100  Mrad.  The  film  thickness  ranged 
from  25  to  30  /urn. 

The  samples  used  for  dielectric  constant  and  polarization 
hysteresis  measurement  were  sputtered  with  gold  electrodes 
on  both  surfaces.  The  polarization  hysteresis  loops  were 
measured  using  the  Sawyer-Tower  technique.  An  external 
electric  field  was  applied  in  the  form  of  triangular  waveform 
with  a  frequency  of  10  Hz  and  an  amplitude  of  160  MV/m. 
The  dielectric  measurements  were  carried  out  using  a  dielec¬ 
tric  analyzer  (TA  instrument,  Model  No.  2870)  in  a  fre¬ 
quency  range  from  30  Hz  to  100  kHz  and  in  a  temperature 
interval  of  —60  to  120  °C.  The  DSC  measurements  were 
taken  using  a  differential  scanning  calorimeter  (TA  instru¬ 
ment,  Model  No.  2010)  at  a  scanning  rate  of  10  °C/min  under 
a  nitrogen  atmosphere.  The  x-ray  patterns  were  taken  at 
room  temperature  (20  °C)  using  a  Scintag  difffactrometer 
(model  PAD-V)  with  Ni  filtered  Cu  Ka  radiation.  The  elastic 
modulus  of  the  films  was  measured  along  the  film  direction 
(perpendicular  to  the  film  thickness)  using  a  Dynamic  Me¬ 
chanical  Analyzer  (TA  instruments,  Model  No.  2890)  in  a 
temperature  range  from  -60  to  90  °C  at  10  Hz  frequency. 

The  measurement  on  the  crosslinking  factor  was  per¬ 
formed  by  measuring  the  gel  content  of  irradiated  films  using 
the  American  standard  test  method  (D2765-95)  by  placing 
the  samples  inside  a  Soxhlet  Extractor  and  extracting  with 
the  methyl  ethyl  ketone  at  its  boiling  point  for  12  h.  After 
measuring  the  gel  content,  these  films  were  kept  in  dimethyl 
foramide  solution  for  ten  days  at  room  temperature  in  order 
to  reach  their  equilibrium  degree  of  swelling.  The  average 
molecular  weight  between  crosslinks  ( Mc ),  which  is  the  rep¬ 
resentative  of  the  crosslinking  density  was  calculated  using 
the  following  equations: 


°  ln(  1  -  02 )  +  02 + *  1  02  ’ 


(1) 


where  p2  is  the  density  of  the  polymer  before  swelling,  Vx  is 
the  molar  volume  of  solvent,  X\  is  the  polymer-solvent  in¬ 
teraction  parameter,  and  <f>2  is  the  volume  fraction  of  the 
polymer  which  is  defined  as 


W2/p2 

<f>2~Wl/pl  +  W2/p2’  (2) 

where  W\  and  W2  are  the  weights  of  the  polymer  and  sol¬ 
vent,  and  pi  and  p2  are  the  densities  of  the  polymer  and 
solvent,  respectively.27 


The  P(VDF-TrFE)  50/50  mol  %  copolymer  powder  was 
supplied  by  Solvay  and  Cie,  Bruxelles,  Belgium,  and  the 
copolymer  has  a  mean  molecular  weight  of  200000.  The 
films  were  prepared  by  pressing  the  copolymer  powder  be¬ 
tween  aluminum  foil  at  215  °C  and  then  cooled  down  to 
room  temperature,  either  by  quenching  the  sandwich  in  ice 
water  or  by  slow  cooling.  The  stretched  films  were  prepared 
by  uniaxialiy  stretching  the  quenched  films  up  to  five  times 
of  their  initial  length  at  25  °C.  In  order  to  improve  the  crys¬ 
tallinity,  the  stretched  films  were  annealed  under  the  clamped 
condition  in  a  vacuum  oven  at  140  °C  for  16  h.  The  electron 
irradiation  was  carried  out  in  a  nitrogen  atmosphere  with 


III.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

A.  Polarization  responses,  x-ray,  DSC,  and 
crosslinking  coefficient  measurements  on  irradiated 
copolymers 

1.  Polarization  responses 

Figures  1(a)  and  1(b)  compare  the  polarization  hysteresis 
loops  measured  at  room  temperature,  for  unstretched  and 
stretched  films,  as  a  function  of  irradiation  dose.  As  can  be 
seen,  for  unirradiated  films,  the  polarization  level  of  the 
stretched  film  is  much  higher  in  comparison  to  the  un¬ 
stretched  films  although  it  will  be  shown  later  that  there  is 
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FIG.  1.  Change  in  the  polarization  hysteresis  loops  measured  for  (a)  un¬ 
stretched,  and  (b)  stretched,  P(VDF-TrFE)  50/50  mol  %  copolymer  films, 
unirradiated  and  irradiated  at  95  °C  with  different  doses,  (c)  Variation  of 
polarization  (P)  induced  under  the  160  MV/m  electric  field  [obtained  from 
(a)  and  (b)]  with  the  irradiation  dose. 


not  a  large  difference  in  the  crystallinity  between  the  two 
groups  of  samples.  The  result  agrees  with  earlier  studies  and 
it  arise  due  to  a  higher  degree  of  crystalline  orientation  in  the 
stretched  films  than  in  unstretched  ones.28 

After  irradiation,  the  polarization  hysteresis  is  reduced 
markedly  for  both  unstretched  and  stretched  films.  The 
change  of  the  field  induced  polarization  P  under  160  MV/m 
field  as  a  function  of  dose  is  summarized  in  Fig.  1(c).  For 
irradiated  films,  it  can  be  seen  clearly  that  there  is  not  a  large 
difference  in  the  induced  polarization  level  between  the 
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FIG.  2.  X-ray  diffraction  pattern  of  (a)  unstretched,  and  (b)  stretched, 
P(VDF-TrFE)  50/50  mol  %  copolymer  films  irradiated  with  different  doses 
at  95  °C. 

stretched  and  unstretched  ones  after  40  Mrad  irradiation. 
This  is  in  sharp  contrast  with  the  unirradiated  films  where  the 
stretched  film  exhibits  a  substantially  higher  polarization 
compared  with  the  unstretched  one.  These  results  show  that 
the  enhancement  of  the  polarization  due  to  alignment  of 
crystallites  induced  by  stretching  is  nearly  eliminated  as  a 
consequence  of  the  irradiation.  On  the  other  hand,  both 
DMA  data  (Figs.  9  and  10)  and  electric  field  induced  strain 
data13  show  that  the  irradiation  does  not  change  the  chain 
orientation  markedly  in  stretched  samples,  at  least  in  the 
range  of  40  and  60  Mrad  doses.  Therefore,  the  large  reduc¬ 
tion  of  the  polarization  in  stretched  films  due  to  irradiation 
suggests  that  the  irradiation  randomizes  the  crystallite  orien¬ 
tation  in  directions  perpendicular  to  the  chain  stretching 
direction. 

2.  X-ray  results 

Figures  2(a)  and  2(b)  present  x-ray  patterns  of  (200)  and 
(110)  reflections  obtained- from  unstretched  and  stretched 
films  irradiated  under  different  doses.  As  expected,  the  unir¬ 
radiated  unstretched  films  exhibit  two  peaks  at  4.72  and  4.59 
A  (20=18.79°  and  19.28°).  The  peak  at  4.72  A  is  from  the 
hexagonal  packing  of  3/1 -helical  chains  generated  by  TG 
and  TG'  defects,  which  are  due  to  the  presence  of  domain 
patterns  and  the  second  is  due  to  similarly  packed  trans- 
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FIG.  3.  (a)  X-ray  scan  from  unirradiated,  stretched  P(VDF-TrFE)  50/50 
mol  %  copolymer  films  used  to  illustrate  the  calculation  of  crystallinity.  The 
amorphous  and  crystalline  regions  were  separated  by  fitting  the  Lorentzian 
function  and  are  represented  by  shaded  and  nonshaded  area  respectively,  (b) 
Change  in  the  crystallinity  with  the  irradiation  dose  calculated  from  x-ray 
[Figs.  2(a)  and  2(b)]  and  DSC  [Figs.  4(a)  and  4(b)].  The  symbols  here  are 
the  data  points  and  lines  are  drawn  to  guide  points. 

planar  chains.19’29  However,  the  stretched  films  show  only 
one  broad  peak  at  4.68  A  spacing  and  therefore,  it  indicates 
that  the  stretching  not  only  eliminates  the  chain  segments 
containing  3/1  helical  conformation,  but  also  packs  more 
closely  the  chain  segments  that  already  are  in  the  trans- 
planar  conformation.30  The  similar  effect  can  also  be  ob¬ 
served  by  poling  the  unstretched  films.30  The  broadening  of 
the  x-ray  peak,  in  unirradiated  films  after  stretching  [Fig. 
2(b)],  suggests  that  in  addition  to  reduction  in  the  crystallite 
sizes,  stretching  also  induces  additional  domain  boundaries 
parallel  to  the  polymer  chains.  This  results  in  a  reduction  in 
the  size  of  the  coherent  x-ray  diffraction  region  for  the  (200) 
and  (110)  reflections. 

After  40  Mrad  of  irradiation,  only  one  peak  is  observed 
at  a  lower  angle  for  both  the  unstretched  and  stretched  films 
and  thus  clearly  indicates  the  expansion  of  the  lattice  due  to 
the  introduction  of  defects  in  the  crystalline  phase  during  the 
irradiation.  This  is  responsible  for  the  observed  change  in  the 
polarization  hysteresis  from  a  typical  normal  ferroelectric 
hysteresis  loop  to  a  slim  polarization  loop.  After  60  Mrad 
irradiation,  the  peak  appears  at  4.84  A  for  both  unstretched 
and  stretched  films.  The  corresponding  lattice  spacing  is 
close  to  the  paraelectric  phase  as  determined  from  x-ray  data 
taken  above  the  Curie  temperature  for  unirradiated  copoly¬ 
mer  films  and  therefore,  indicate  the  conversion  of  ferroelec¬ 
tric  to  a  paraelectric-like  phase  at  this  dose.30  It  should  be 
pointed  out  that,  although  macroscopically  (from  x-ray  dif¬ 
fraction),  the  phase  after  irradiation  is  paraelectric  like,  the 
observed  broad  dielectric  constant  peak  with  Vogel-Fulcher 
dielectric  dispersion  behavior  suggests  that  the  phase  re¬ 
sembles  a  relaxor  ferroelectric  with  local  polar  regions  (polar 
glass  system).11  The  x-ray  peaks  become  relatively  more  in¬ 
tense  after  60  Mrad  irradiation  for  unstretched  films  and  after 


FIG.  4.  DSC  thermogram  of  (a)  unstretched,  and  (b)  stretched,  P(VDF- 
TrFE)  50/50  mol  %  copolymer  unirradiated,  and  irradiated  with  different 
doses  at  95  °C. 


80  Mrad  irradiation  for  stretched  films  in  comparison  to  the 
unirradiated  films  and  the  films  irradiated  with  lower  doses. 
The  increase  in  the  coherence  length  of  x-ray  diffraction  is 
due  to  the  disappearance  of  the  macroscopic  ferroelectric  or¬ 
dering. 

Interestingly,  at  higher  doses  the  x-ray  peak  moves  back 
to  higher  angle  and  concomitantly  the  peak  broadens,  indi¬ 
cating  the  reduction  of  the  crystallite  size.  The  cause  for  the 
contraction  in  the  lattice  spacing  between  polymer  chains  is 
unclear.  It  might  be  related  to  the  nature  of  the  defects  in¬ 
duced  during  the  irradiation,  which  depend  on  the  boundary 
conditions  of  the  crystalline-amorphous  interface  and  crys¬ 
tallite  size.  At  high  irradiation  doses,  the  crystallite  size  be¬ 
comes  quite  small  and  the  shape  of  the  x-ray  peak  becomes 
Lorentz  type  suggesting  that  the  crystallite-amorphous  inter¬ 
face  is  also  quite  diffused.  In  addition,  peak  area  analysis,  as 
shown  in  Fig.  3(a),  indicates  that  at  doses  of  80  Mrad  or 
higher,  the  crystallinity  of  the  copolymer  has  been  reduced  to 
less  than  half  as  compared  with  the  unirradiated  films  [Fig. 
3(b)]. 

3 .  DSC  results 

In  order  to  further  quantify  the  change  in  the  transitional 
behavior  in  irradiated  samples,  a  DSC  measurement  was 
conducted  on  these  samples.  As  expected,  the  thermal  prop¬ 
erties  of  the  copolymer  undergo  a  significant  change  after 
irradiation.  Figures  4(a)  and  4(b)  summarize  the  DSC  results 
obtained  from  unstretched  and  stretched  copolymer  films,  re- 
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spectively.  Being  ferroelectric  in  nature,  before  irradiation 
both  unstretched  and  stretched  films  exhibit  two  peaks.  The 
peak  at  63  °C  is  due  to  ferroelectric  to  paraelectric  (F-P) 
transition,  while  the  peak  at  157  °C  is  due  to  the  melting  of 
crystals.31  For  uniiradiated  films,  the  crystal  melting  peak  for 
stretched  films  is  sharper  and  more  intense  than  unstretched 
films  and  thus,  reflects  a  higher  crystalline  ordering  for 
stretched  films.  After  the  irradiation,  the  temperature  and  the 
enthalpy  of  the  melting  peak  decrease  continuously  with  the 
irradiation  dose  for  both  unstretched  and  stretched  films.  As¬ 
suming  that  the  enthalpy  of  the  melting  is  directly  propor¬ 
tional  to  the  crystallinity  in  the  sample,  the  change  of  crys¬ 
tallinity  with  dose  can  be  deduced32,33  and  is  presented  in 
Fig.  3(b).  Clearly,  the  change  of  crystallinity  with  the  dose 
acquired  from  the  x-ray  data,  is  consistent  with  that  from  the 
DSC  data,  although  the  DSC  data  yield  a  slightly  lower  crys¬ 
tallinity. 

It  is  well  known  that  the  morphology  of  P(VDF-TrFE) 
copolymers  is  that  of  crystallites  embedded  in  an  amorphous 
matrix,  which  is  analogous  to  a  composite  structure.4  It  is 
interesting  to  compare  the  results  obtained  here  on  the  polar¬ 
ization  and  crystallinity  (approximately  the  volume  fraction 
of  the  crystallites  in  the  polymer).  Figure  5(a)  presents  the 
polarization  P  induced  by  160  MV/m  field  as  a  function  of 
crystallinity,  which  is  taken  from  the  averaged  value  of  the 
DSC  and  x-ray  data.  Apparently,  the  initial  drops  of  the  crys¬ 
tallinity  at  low  dose  range  (40  Mrad)  causes  a  large  reduction 
in  the  polarization  in  both  stretched  and  unstretched  films. 
As  has  been  pointed  out,  the  initial  precipitant  decrease  of 
the  polarization  in  the  stretched  films  is  also  partly  caused  by 
the  reduction  in  the  crystallite  orientation  in  the  irradiation 
process.  Therefore,  if  the  crystallinity  of  the  polymer  under 
40  Mrad  dose  can  be  raised,  due  to  the  high  ratio  of  the 
polarization/crystallinity  for  the  copolymer  studied  here  at 
this  particular  dose  the  polarization  level  can  be  improved 
markedly,  especially  in  stretched  films. 

For  a  composite  system,  there  are  many  relationships 
describing  the  dependence  of  the  dielectric  properties  of  a 
composite  with  the  properties  of  constituents.  It  was  found 
that  the  logarithmic  law  of  mixing  of  composites  can  fit  most 
of  the  experimental  data  well,19 

log  log  Pc+ ( 1  -  vc)log PQ ,  (3) 

where  P  is  the  total  polarization,  Pc  and  Pa  are  the  averaged 
polarizations  of  the  crystallites  and  amorphous  regions,  re¬ 
spectively,  and  vc  is  the  crystallinity.  The  fitting  of  the  data 
in  Fig.  5(a)  is  shown  in  figure  5(b)  where  for  the  stretched 
films  the  data  point  from  the  unirradiated  stretched  film  is 
not  included  because  of  its  high  crystallite  orientation  effect. 
Clearly,  Eq.  (3)  fits  the  data  quite  well  for  both  stretched  and 
unstretched  films.  Surprisingly,  the  slopes  of  the  curves  from 
the  two  sets  of  data  are  nearly  the  same,  indicating  that 
Pc  IPa  is  nearly  the  same  for  both  stretched  and  unstrectched 
films.  The  parameters  obtained  in  the  fitting  are,  Pc 
=  144.5  mC/m2  and  Pa=  15.5  mC/m2  for  unstretched  films, 
while  for  stretched  films,  Pc— 151.6  mC/m2  and  Pa 
=  18.4  mC/m2.  The  fact  that  Pc  from  irradiated  stretched 


Crystallinity  (%) 


FIG.  5.  (a)  Change  in  polarization  (P)  induced  by  160  MV/m  electric  field 
with  the  averaged  value  of  crystallinity  obtained  from  the  x-ray  and  DSC 
data  [Fig.  3(b)].  (b)  Fitting  of  the  logarithmic  law  for  unstretched  and 
stretched  P(VDF-TrFE)  50/50  mol  %  copolymer  films  after  40  Mrad  irra¬ 
diation  at  95  °C.  The  solid  line  is  the  fitting  and  points  are  the  experimental 
data  obtained  from  (a). 


films  is  only  about  5%  higher  than  that  in  unstretched  films 
confirms  that  stretching  does  not  have  a  marked  effect  on  the 
polarization  level  in  irradiated  films. 

In  addition  to  the  reduction  of  the  crystallinity,  the  DSC 
peak  associated  with  melting  of  crystals  also  broadens  with 
doses.  This  indicates  the  presence  of  broad  distribution  in 
crystallite  sizes  and  crystal  ordering  in  irradiated  films, 
which  is  due  to  the  lattice  defects  and  crosslinking  in  the 
copolymer. 

In  contrast  to  the  DSC  peak  of  the  melting  process  for 
unirradiated  films,  the  peak  of  F-P  transition  for  the  un¬ 
stretched  film  is  sharper  with  a  higher  transition  enthalpy  in 
comparison  with  the  stretched  film.  This  shows  that  the 
stretching  process  does  introduce  defects  in  the  crystalline 
region,  which  have  a  much  stronger  effect  on  the  polar  or¬ 
dering,  but  have  a  minimum  effect  on  the  crystalline  order¬ 
ing. 

Consistent  with  the  polarization  data  where  there  is  very 
weak  hysteresis  for  film  irradiated  with  40  Mrad  dose,  the 
DSC  data  show  that  the  F-P  phase  transition  peak  almost 
disappears  upon  40  Mrad  irradiation  for  both  stretched  and 
unstretched  films.  Interestingly,  a  broad  DSC  peak  reappears 
at  temperatures  near  the  original  F-P  transition  peak  position 
of  unirradiated  films  when  the  dose  is  increased  to  80  Mrad 
and  beyond.  This  is  consistent  with  the  x-ray  data  where  at 
high  doses  the  x-ray  peak  moves  back  to  higher  angle.  The 
finding  here  indicates  that  the  structural  defects  introduced 
by  irradiation  in  the  crystalline  region  depends  on  the  crys¬ 
tallite  size  and  also  the  boundary  conditions  at  the 
crystalline-amorphous  interface. 
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FIG.  6.  (a)  Variation  in  the  number  of  repeating  units  (w)  between  two 
crosslinks  for  unstretched  and  stretched  P(VDF-TrFE)  50/50  mol  %  copoly¬ 
mer  films  irradiated  with  different  doses  at  95  °C.  (b)  Change  in  the 
crosslinking  coefficient  with  (b)  doses  and  (c)  averaged  value  of  crystallinity 
obtained  from  the  x-ray  and  DSC  data  [Fig.  3(b)],  for  unstretched  and 
stretched  P(VDF-TrFE)  50/50  mol  %  copolymer  films  irradiated  at  95  °C. 
The  solid  lines  are  drawn  to  guide  eyes. 


4.  Crosslinking  coefficient  measurements  results 

Crosslinking  coefficient  (or  crosslinking  density)  was 
measured  to  provide  information  on  the  effect  of  crosslink¬ 
ing  on  the  properties  investigated  here.  Figure  6(a)  presents 
the  change  in  the  number  of  repeating  units  (n)  between  two 
crosslink  points  along  the  chain  in  unit  of 
-CH2-CF2-CHF-CF2-as  a  function  of  dose  for  both 
stretched  and  unstretched  films.  The  lower  the  value  of  n 
corresponds  to  the  greater  value  of  the  crosslinking  density. 
Clearly,  with  the  same  dose,  the  crosslinking  density  is  much 
lower  in  the  stretched  films  compared  with  unstretched  films. 
In  Fig.  6(b),  the  crosslinking  coefficient,  which  is  the  number 
of  crosslink  per  chain,  is  presented  as  a  function  of  irradia¬ 
tion  dose.  For  both  unstretched  and  stretched  films,  the 
crosslinking  coefficient  increases  with  dose.  The  rate  of  the 
increase  in  the  crosslinking  coefficient  for  the  stretched  films 
at  doses  below  80  Mrad  is  a  much  lower  than  for  the  un¬ 
stretched  films.  This  indicates  that  the  chain  orientation  in¬ 
troduced  by  stretching  reduces  the  rate  of  crosslinking  in  the 
irradiation  process.  However,  at  doses  from  80  to  100  Mrad, 
the  rate  of  the  crosslinking  coefficient  with  dose  for  stretched 
films  becomes  higher  than  that  for  unstretched  films.  As  has 
been  shown,  irradiation  randomizes  the  orientation  (crystal¬ 


lites  and  polymer  chains)  induced  by  stretching,  at  high  dos¬ 
ages  the  local  chain  orientation  in  stretched  films  may  not  be 
very  much  different  from  that  in  unstretched  films. 

Presented  in  Fig.  6(c)  is  the  crosslinking  coefficient  as  a 
function  of  crystallinity  for  the  two  sets  of  samples  investi¬ 
gated.  For  both  unstretched  and  stretched  films,  the 
crosslinking  coefficient  increases  in  proportion  to  the  de¬ 
crease  in  the  crystallinity.  Furthermore,  even  with  the  same 
crystallinity,  the  crosslinking  coefficient  of  unstretched  films 
is  higher  than  that  in  stretched  films.  In  other  words,  the 
reduction  of  the  crystallinity  in  the  copolymer  under  irradia¬ 
tion  is  not  directly  controlled  by  the  crosslinking  density,  but 
it  is  expected  that  the  crosslinking  process  has  a  significant 
role  here  in  the  conversion  from  the  crystalline  to  amorphous 
phase. 

The  influence  of  crosslinking  density  on  the  ferroelectric 
behavior  and  polar  ordering  in  the  crystalline  region  is  not 
clear.  From  the  data  presented,  it  seems  that  as  far  as  the  field 
induced  polarization  is  concerned,  the  effect  of  crosslinking 
density  is  not  significant  and  direct.  However,  the  crosslink¬ 
ing  density  should  have  a  direct  effect  on  the  crystallite  size, 
which  may  affect  the  polar  response  in  the  copolymer  when 
the  size  of  crystallites  becomes  small. 


B.  Dielectric  and  mechanical  responses  and 
relaxations 


1 -  Dielectric  responses 

To  further  elucidate  the  change  in  the  ferroelectric  re¬ 
lated  properties  in  the  irradiated  films,  the  weak  field  dielec¬ 
tric  constant  was  measured  on  irradiated  films  as  a  function 
of  irradiation  dose.  Figures  7(a)  and  7(b)  show  the  tempera¬ 
ture  dependence  of  the  dielectric  constant  at  1  kHz  for  the 
films  irradiated  for  different  doses.  Before  irradiation,  the 
dielectric  constant  for  stretched  films  is  higher  than  that  of 
unstretched  films,  which  is  consistent  with  the  polarization 
result  and  arises  due  to  the  higher  dipolar  orientation  in  the 
stretched  films.  After  the  irradiation,  the  dielectric  peak  of 
both  unstretched  and  stretched  films  shifts  towards  a  lower 
temperature  in  comparison  to  respective  unirradiated  film 
and  therefore,  increases  the  room  temperature  dielectric  con¬ 
stant  remarkably.  In  addition,  the  dielectric  peak  after  irra¬ 
diation  becomes  broader  and  exhibits  a  strong  frequency  dis¬ 
persion  [Fig.  8(a)].  As  shown  in  Figs.  8(b)  and  8(c)  for  both 
stretched  and  unstretched  irradiated  films,  the  dispersion  fol¬ 
lows  Vogel-Fulcher  law,  an  empirical  law  which  holds  for 
the  systems  undergoing  freezing  below  certain  temperature, 
Tf,  such  as  glassy  and  relaxor  ferroelectric  materials,15 


f=fo  exp 


-U 

k{T—Tf)\ 


(4) 


where  T  is  the  dielectric  constant  peak  temperature,  /  is  the 
corresponding  frequency,  and  k  is  the  Boltzmann  constant. 
The  fitting  parameters  obtained  are  summarized  in  Table  I.  If 
we  regard  that  the  Vogel-Fulcher  law  describes  a  thermally 
activated  process  with  the  activation  energy  approaching  to 
infinity  at  7y,  Eq.  (4)  can  be  rewritten  as,  /=/0 
Xexp(-a/£7),  where  for  the  polarization  freezing  process, 
a=UTI(T—Tf)  which  leads  to  Vogel-Fulcher  law.  Hence, 
U  is  directly  related  to  the  activation  energy  a.15  The  param- 
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FIG.  7.  Change  in  the  dielectric  constant  (solid  lines)  and  tangent  loss 
(broken  lines)  measured  at  1  kHz  frequency  as  a  function  of  temperature  for 
P(VDF-TrFE)  50/50  mol  %  (a)  unstretched,  and  (b)  stretched  films  irradi¬ 
ated  at  95  °C  with  different  doses. 


eter  U  for  unstretched  films  and  stretched  films  shows  quite 
different  values  and  it  is  higher  in  unstretched  films  than  that 
in  the  corresponding  stretched  films.  In  addition,  as  the  dose 
increases,  U  decreases  monotonically. 

Therefore,  both  the  polarization  and  dielectric  constant 
data  suggest  that  the  irradiation  destroys  the  ferroelectric  or¬ 
dering  and  breaks  the  macro-polar  domains  into  micropolar 
regions.  The  observed  V-F  type  relaxation  suggests  that 
these  local  polar  regions  couple  to  each  other  and  this  cou¬ 
pling  becomes  stronger  with  the  decreasing  temperature.  The 
decrease  of  U  with  the  dose  indicates  the  reduction  in  the 
polar-region  size  with  irradiation.  The  observed  upward 
shifting  of  Tf  at  high  dosage  suggests  that  the  average  polar 
ordering  in  these  regions  increases,  which  is  consistent  with 
the  x-ray  and  DSC  data  presented. 
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300  305  310  315  320  325 

T(K) 

FIG.  8.  (a)  Dielectric  constant  (solid  lines)  and  dielectric  loss  (broken  lines) 
as  a  function  of  temperature  for  unstretched  P(VDF-TrFE)  50/50  mol  % 
copolymer  films  after  40  Mrad  irradiation  at  95  °C.  The  measuring  frequen¬ 
cies  (from  top  to  bottom  for  dielectric  constant  and  from  bottom  to  top  for 
dielectric  loss)  30  Hz,  100  Hz,  300  Hz,  1  kHz,  3  kHz,  10  kHz,  30  kHz,  and 
100  kHz.  Fitting  of  Vogel -Fulcher  law  for  (b)  unstretched,  and  (c)  stretched 
P(VDF-TrFE)  50/50  mol  %  copolymer  films  after  40  Mrad  irradiation  at 
95  °C.  The  solid  line  is  the  fitting  and  the  circles  are  the  experimental  data. 

2.  Elastic  responses 

For  electromechanical  transduction  applications,  me¬ 
chanical  properties  are  of  great  importance.  They  also  pro¬ 
vide  valuable  information  on  the  structural  and  relaxation 
processes  in  the  material.  Presented  in  Figs.  9  and  10  are  the 
elastic  modulus  of  unstretched  and  stretched  films  respec- 


TABLE  I.  Fitting  parameters  of  the  V-F  law  for  P(VDF-TrFE)  50/50  mol  %  irradiated  copolymer. 


Unstretched  films 


Stretched  films 
t/(10~3  eV) 
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FIG.  9.  Change  in  the  (a)  elastic  modulus  and  (b)  mechanical  loss  as  a 
function  of  temperature  for  unstretched  P(VDF-TrFE)  50/50  mol  %  copoly¬ 
mer,  unirradiated,  and  irradiated  at  95  °C  with  different  irradiation  doses. 


FIG.  10.  Change  in  the  (a)  elastic  modulus  and  (b)  mechanical  loss  as  a 
function  of  temperature  for  stretched  P(VDF-TrFE)  50/50  mol  %  copoly¬ 
mer,  unirradiated,  and  irradiated  at  95  °C  with  different  irradiation  doses. 


tively.  For  stretched  films,  only  the  modulus  along  the 
stretching  direction  is  shown.  As  expected,  stretched  films 
[Fig.  10(a)]  exhibit  higher  elastic  modulus  in  the  stretching 
direction  in  comparison  to  the  unstretched  films  [Fig.  9(a)], 
which  is  due  to  the  alignment  of  chains.  After  the  irradiation, 
the  elastic  modulus  is  found  to  decrease  with  the  irradiation 
dose  in  most  of  the  temperature  region.  However,  at  low 
temperatures  (below  the  glass  transition,  about  —  30  °C),  due 
to  the  crosslinking,  the  irradiated  films  exhibit  higher  modu¬ 
lus  than  unirradiated  films.  It  is  also  interesting  to  note  that 
for  unstretched  films  irradiated  with  40  and  60  Mrad  and  for 
stretched  films  irradiated  with  40  Mrad  dose,  at  temperatures 
above  10  and  to  90  °C,  which  is  the  upper  temperature  range 
measured,  the  elastic  modulus  shows  a  very  weak  tempera¬ 
ture  dependence  compared  with  unirradiated  films.  Above 
these  doses,  the  films  exhibit  an  increased  room  temperature 
modulus,  presumably  due  to  increased  crosslinking  density. 
The  modulus  decreases  with  temperature  with  a  noticeable 
relaxation  step  at  temperatures  near  40  °C.  In  addition,  after 
the  irradiation,  the  elastic  modulus  of  stretched  films  along 
the  stretching  direction  remains  higher  compared  with  un¬ 
stretched  films  (except  at  100  Mrad). 

We  now  discuss  the  relaxation  processes  in  the  films 
studied  where  the  data  from  both  the  mechanical  and  dielec¬ 
tric  losses  will  be  used.  In  P(VDF-TrFE)  copolymers,  it  is 
known  that  several  relaxations  exist,  which  depend  on  the 
molecular  relaxations  in  amorphous,  crystalline,  and  at  the 


crystal-amorphous  interfaces.34  Dielectric  responses  are  from 
those  relaxations  in  which  motions  of  dipoles  are  involved, 
while  the  motions  related  to  mechanical  relaxations  can  be 
due  to  the  non-polar  processes.  Therefore,  as  shown  in  an 
earlier  study,  the  loss  peak  from  the  mechanical  data  may  not 
be  at  the  same  temperature  and  frequency  position  as  that 
from  the  dielectric  data.35 

In  the  temperature  range  studied,  the  mechanical  tangent 
loss  exhibits  two  relaxation  peaks.  Before  irradiation  two 
weak  peaks  around  -40  °C  (/ 3 )  and  30  °C  (or)  are  observed  in 
unstretched  films,  which  have  been  attributed  in  earlier  stud¬ 
ies  to  the  molecular  relaxation  in  amorphous  and  crystalline 
regions  and/or  crystalline  amorphous  interface  boundaries 
[Fig.  9(b)].  While  for  unirradiated  stretched  films,  these 
peaks  are  much  weaker  [Fig.  10(b)]  due  to  the  alignment  of 
polymer  chains.  These  mechanical  relaxation  peaks  may  be 
compared  with  the  dielectric  loss  peaks  [Figs.  7(a)  and  7(b)]. 
A  broad  dielectric  loss  peak  can  be  seen  at  temperatures  near 
-30  °C  and  a  weak  sharp  peak  at  near  65  °C  for  unstretched 
films.  For  stretched  films,  a  broad  dielectric  loss  peak  is  at 
about  —  20  °C  and  a  relatively  sharp  loss  peak  at  60  °C.  We 
believe  that  the  sharp  peak  seen  in  the  dielectric  loss  is  as¬ 
sociated  with  the  F-P  transition,  which  is  not  detected  in  the 
mechanical  loss  data  and  is  also  different  from  the  high  tem¬ 
perature  broad  relaxation  seen  in  the  mechanical  loss  data. 
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For  irradiated  films,  the  observed  low  temperature  me¬ 
chanical  loss  peak  is  mainly  due  to  the  glass  transition  in  the 
polymer  while  the  dielectric  loss  peak  seems  to  be  dominated 
by  the  frozen  process  of  the  polar  regions,  which  diminishes 
in  size  as  the  dose  increases  (or  the  crystallinity  decreases). 
The  contribution  of  the  glass  transition  to  the  dielectric  loss 
is  much  weaker  compared  to  the  frozen  process  of  the  polar 
regions.  On  the  other  hand,  the  frozen  process  of  the  polar 
regions  does  not  have  a  marked  effect  on  the  elastic  proper¬ 
ties,  which  is  analogous  to  the  DSC  results. 

The  high  temperature  mechanical  loss  peak  (at  >30  °C) 
does  not  show  much  increase  for  both  stretched  and  un¬ 
stretched  films  at  doses  of  40  and  60  Mrad  [Fig.  9(b)  and 
10(b)]  compared  with  unirradiated  films.  A  large  increase  of 
loss  peak  is  seen  for  films  irradiated  at  80  and  100  Mrad.  In 
contrast,  the  dielectric  loss  peak  for  this  relaxation  is  very 
weak.  These  results  suggest  that  the  relaxation  process  asso¬ 
ciated  with  this  peak  (a)  is  mainly  due  to  the  motions  involv¬ 
ing  large  chain  segments.  Therefore,  at  high  doses  with  in¬ 
creased  crosslinking  density  and  diminishing  crystallinity,  a 
strong  mechanical  relaxation  will  occur  resulting  in  a  drop  of 
the  elastic  modulus  with  a  temperature,  as  observed  near 
40  °C  for  unstretched  films  irradiated  with  80  Mrad  dose,  and 
stretched  films  irradiated  with  80  and  100  Mrad  doses,  and 
corresponding  strong  mechanical  loss  peaks. 


IV.  SUMMARY 

The  experimental  results  presented  can  be  summarized 
as  the  following: 

(1)  The  high-energy  electron  irradiation  converts  the  po¬ 
larization  loop  of  the  copolymer  studied  from  the  one  with 
large  hysteresis  to  a  slim  loop.  The  dielectric  dispersion  in 
the  irradiated  samples  can  be  described  well  by  the  V-F  law 
for  both  stretched  and  unstretched  samples. 

(2)  Although  in  unirradiated  samples,  the  polarization 
level  and  dielectric  constant  can  be  substantially  increased 
by  stretching  but  for  irradiated  films  at  doses  above  40  Mrad, 
the  induced  polarization  level  does  not  show  a  large  differ¬ 
ence  between  stretched  and  unstretched  films. 

(3)  In  both  stretched  and  unstretched  samples,  the  de¬ 
pendence  of  the  induced  polarization  P  on  crystallinity  vc 
can  be  described  quite  well  by  the  logarithmic  law  of  two 
component  composites,  indicating  that  the  morphology  of 
the  irradiated  copolymer  consists  of  micropolar  regions  em¬ 
bedded  in  an  amorphous  matrix.  The  results  also  indicate 
that  because  of  the  high  ratio  of  A/7Ayc  at  the  low  dose 
region,  an  increase  in  the  crystallinity  will  result  in  a  large 
increase  in  P. 

(4)  Although  the  irradiation  nearly  eliminates  the  en¬ 
hanced  polarization  and  dielectric  response  induced  by 
stretching,  the  elastic  modulus  of  stretched  films  remains 
higher  compared  with  unstretched  ones  after  the  irradiation 
(at  least  for  doses  below  80  Mrad,  indicating  the  difference 
in  the  molecular  segment  motions  to  the  mechanical  and 
electric  responses.  Similar  differences  between  the  electric 
and  mechanical  responses  are  also  observed  for  the  molecu¬ 
lar  relaxation  processes  in  the  copolymer. 


(5)  For  unirradiated  films,  stretching  improves  the  crys¬ 
talline  ordering  while  reduces  the  ferroelectric  ordering  as 
suggested  by  the  DSC  and  x-ray  data. 

(6)  Stretching  can  have  a  marked  effect  in  reducing  the 
crosslinking  rate  in  the  irradiation  process  and  correspond¬ 
ingly,  the  crosslinking  density  of  stretched  samples  is  lower 
than  that  of  unstretched  samples.  On  the  other  hand,  the  crys¬ 
tallinity  of  stretched  samples  is  nearly  the  same  as  that  of 
unstretched  films  at  the  same  irradiation  dose.  The  reduction 
of  crystallinity  with  irradiation  does  not  have  a  direct  link  to 
the  crosslinking  process. 

Therefore,  during  irradiation  the  changes  in  the  structure 
and  phase  transition  properties  are  mainly  controlled  by  the 
two  processes:  one  is  the  introduction  of  polarization  defects 
which  is  responsible  for  the  conversion  from  a  normal  ferro¬ 
electric  to  a  relaxor  ferroelectric  phase  and  the  other  is  the 
amorphization  of  the  copolymer,  which  reduces  the  overall 
polar  responses  in  the  material.  How  to  reduce  the  rate  of  the 
second  process  is  crucial  in  order  to  further  improve  the  elec¬ 
tromechanical  responses  in  the  copolymer. 
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ABSTRACT:  Structural  and  molecular  conformation  changes  of  high-energy  electron-irradiated  poly- 
(vinylidene  fluoride-trifluoroethylene)  50/50  copolymer  have  been  investigated  by  means  of  FT-IR 
spectroscopy,  X-ray  diffraction,  and  cross-linking  density  measurement  and  are  compared  with  the  change 
of  polarization  hysteresis  loops  with  dose.  Although  in  general  the  irradiation  reduces  the  macroscopic 
polar  ordering,  which  leads  to  the  eventual  disappearance  of  the  remanent  polarization  in  the  copolymer 
at  room  temperature,  the  change  in  the  mesoscopic  structure  and  molecular  conformation  with  dose  is 
not  monotonic.  In  the  intermediate  dose  range,  there  is  a  reversal  of  the  change  of  local  ordering  with 
dose,  as  revealed  by  the  decrease  of  the  fraction  of  the  TG  conformation  in  the  copolymer  and  contraction 
of  the  lattice  in  directions  perpendicular  to  the  polymer  chain  with  dose,  which  could  be  caused  by  the 
high  cross-linking  density  due  to  irradiation.  In  addition,  for  irradiated  polymers  at  doses  above  30  Mrad, 
no  transition  behavior  with  temperature  is  observed  in  the  FT-IR  spectra,  consistent  with  the  early 
experimental  results  that  the  ferroelectric-paraelectric  transition  has  been  eliminated  by  irradiation. 


I.  Introduction 

Poly(vinylidene  fluoride)  (PVDF)  and  its  copolymers 
with  trifluoroethylene  (P(VDF-TrFE))  have  attracted 
a  great  deal  of  attention  because  of  their  relatively  high 
dielectric  constant  and  piezoelectric  response  compared 
with  those  of  other  known  polymers.1  In  the  past  several 
decades,  the  structures  of  PVDF  homopolymer  and 
P(VDF— TrFE)  copolymers  have  been  studied  widely 
using  analytical  tools  such  as  X-ray  diffraction,  infrared 
and  Raman  spectroscopy,  and  the  nuclear  magnetic 
resonance  method.2-12  From  these  studies,  it  has  been 
established  that  depending  on  the  ciystallization  condi¬ 
tions,  such  as  crystallization  temperature,  casting  sol¬ 
vent,  mechanical  stress,  external  electric  field,  etc., 
these  polymers  can  crystallize  into  at  least  four  types 
of  crystal  forms:  named  forms  I(/S),  11(a),  III(y),  and  IV 
(polar  form  II,  Up,  or  6).  It  has  also  been  established 
that  there  exist  three  basic  chain  conformations:  all- 
trans  planar  zigzag  (TTTT),  trans -gauche -trans- 
gauche'  (TGTG0,  and  TTTGTTTG'  in  these  crystalline 
phases.  Among  these  crystalline  forms,  the  /1-phase  (or 
form  I),  which  has  all-trans  chains  packed  with  their 
dipoles  pointing  in  the  same  direction,  is  the  most 
interesting  and  important  one  because  it  exhibits  a 
Strong  ferroelectric  behavior.  When  cooled  from  the 
melt,  PVDF  homopolymer  will  crystallize  into  the  an- 
tipolar  a-phase,  in  which  the  molecules  are  in  a  dis¬ 
torted  TGTG'  conformation.  By  mechanically  drawing 
the  polymer,  the  a-phase  can  be  converted  into  the 
/1-phase,  which  is  accompanied  by  a  large  change  of 
molecular  conformation.  On  the  other  hand,  for  copoly¬ 
mers  with  VDF  between  50  and  85  mol  %,  the  /1-phase 
will  form  directly  from  the  melt.  One  interesting  feature 
for  the  copolymers  in  this  composition  range  is  the 
ferroelectric-paraelectric  (F— P)  transition  at  a  temper¬ 


ature  below  the  melting  temperature  of  the  polymer.10-13 
Above  the  F— P  transition  temperature,  the  polymer 
loses  its  polarization  before  melting  (forming  a  paraelec- 
tric  phase).  One  of  the  most  characteristic  features  of 
this  transition  is  a  large  change  of  conformation  of 
polymer  chains  between  the  trans  and  gauche  forms. 
Such  conformational  changes  also  cause  large  changes 
of  physical  properties  of  the  polymer. 

Recently,  we  reported  that  high-energy  electron- 
irradiated  P(VDF-TrFE)  copolymers  exhibit  exception¬ 
ally  high  electrostrictive  response,14  which  will  have  a 
great  impact  on  electromechanical  transducer,  sensor, 
and  actuator  applications.15*16  Obviously,  these  large 
response  behaviors  in  the  irradiated  copolymers  should 
originate  from  a  P(VDF--TrFE)  copolymer  structure, 
which  is  quite  different  from  that  before  the  irradiation. 
It  is  also  interesting  to  examine  what  other  changes  are 
taking  place  during  the  irradiation.  In  the  present 
paper,  we  investigate  the  structural  and  conformational 
changes  of  the  irradiated  P(VDF— TrFE)  50/50  copoly¬ 
mer  at  different  doses  utilizing  FT-IR  spectroscopy  and 
X-ray  diffraction.  In  addition,  the  cross-linking  density 
was  also  measured  as  a  function  of  the  electron  dose. 
For  comparison,  polarization  hysteresis  loops  were  also 
recorded  for  the  copolymer  in  the  corresponding  dose 
range. 

II.  Experimental  Section 

The  samples  used  in  the  present  study  are  P(VDF-TrFE) 
copolymers  with  50  mol  %  VDF  content,  supplied  by  Solvay 
and  Cie,  Belgium,  and  the  weight-average  molecular  weight 
of  the  polymer  is  about  200  000.  Samples  of  various  thick¬ 
nesses  were  prepared  for  different  measurements  using  the 
solution  cast  method.  For  the  polarization  hysteresis  loop  and 
X-ray  measurements,  the  typical  sample  thicknesses  were  in 
the  range  between  20  and  30  fim.  For  FT-IR  spectroscopy 
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Figure  1.  Polarization  hysteresis  loops  of  P(VDF-TrFE)  50/ 
50  copolymer  after  different  irradiation  doses.  The  irradiation 
was  carried  out  at  120  °C  with  2.55  MeV  electrons. 

measurement,  the  sample  thickness  was  7  //m.  The  films  were 
annealed  at  140  °C  for  4  h  under  vacuum  and  then  cooled 
slowly  to  room  temperature.  The  irradiation  was  carried  out 
at  120  °C  under  a  nitrogen  atmosphere  using  electrons  of  2.55 
MeV  energy  with  different  doses. 

The  polarization  hysteresis  loops  were  measured  using  a 
Sawyer- Tower  technique.  The  FT-IR  spectra  were  obtained 
using  a  BIO-RAD  WIN  Fourier  transform  IR  spectrophotom¬ 
eters  in  the  wavenumber  range  4000-400  cm"1.  The  high- 
temperature  FTIR  spectra  were  measured  using  a  high- 
temperature  optical  cell.  The  X-ray  patterns  were  measured 
on  a  Scintag  diffractometer  (model  PAD-V)  with  Ni-filtered 
Cu  Ka  radiation.  The  samples  for  polarization  hysteresis 
measurement  were  sputtered  with  gold  electrodes  on  both 
surfaces. 

The  measurement  of  the  cross-linking  factor  was  performed 
by  measuring  the  gel  content  of  each  sample  using  the 
American  standard  test  method  (ASTM  D2765-95)  by  placing 
the  sample  inside  a  Soxhlet  extractor  and  extracting  with 
methyl  ethyl  ketone  at  its  boiling  point  for  12  h.  After 
measuring  the  gel  content,  these  films  were  kept  in  dimeth- 
ylformamide  solution  for  10  days  at  room  temperature  to  reach 
their  equilibrium  degree  of  swelling.  The  average  molecular 
weight  between  cross-links  (Mc)  is  calculated  using  the  fol¬ 
lowing  equation 


Mn 


~  P?Y  1&2 


1/3 


ln(l  -  </>2)  +  02  4-  Xi<P22 


(1) 


where  Vi  is  the  molar  volume  of  the  solvent,  %\  is  the  polymer- 
solvent  interaction  parameter,  and  (fc  is  the  volume  fraction 
of  the  polymer  in  the  swelling: 
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where  W\  and  W2  are  the  weight  of  the  polymer  and  solvent 
and  pi  and  p2  are  the  density  of  polymer  and  solvent, 
respectively. 
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Figure  2.  FTIR  spectra  of  P(VDF— TrFE)  copolymer  films  at 
different  doses  in  wavenumber  range  1500—400  cm-1. 


m.  Results  and  Discussion 

3.1.  Structural  and  Conformational  Changes 
with  Irradiation.  To  illustrate  the  effect  of  the  high- 
energy  electron  irradiation  on  the  ferroelectric  behavior 
of  the  copolymer,  the  polarization  hysteresis  loops  of  the 
polymer  films  under  different  irradiation  doses  were 
measured  at  room  temperature,  and  the  results  are 
presented  in  Figure  1.  The  unirradiated  film  exhibits  a 
well-defined  near  square  polarization  hysteresis  loop 
with  a  large  remanent  polarization  ( Pr  —  7  //C/cm2).  The 
data  in  Figure  1  reveal  two  features  due  to  irradiation: 
the  reduction  of  the  polarization  hysteresis  and  also  the 


reduction  of  the  polarization  level.  At  very  high  dosage 
(150  Mrad),  the  polymer  exhibits  a  linear  dielectric 
behavior,  indicating  nearly  a  total  loss  of  coupling 
among  the  dipoles  in  the  polymer  chains. 

Figure  2  presents  the  FT-IR  spectra  in  the  wavenum¬ 
ber  range  between  1500  and  400  cm-1  for  the  P(VDF- 
TrFE)  50/50  copolymer  in  the  dose  range  corresponding 
to  the  data  in  Figure  1.  Before  the  irradiation,  the 
spectrum  is  characterized  by  a  strong  absorbance  peak 
at  1288  cm-1,  from  the  long  trans  sequence  (Tm>4)  of 
the  ferroelectric  /3- phase.  Weak  absorbance  peaks  cor¬ 
responding  to  the  TG  (at  614  cm^1)  and  T3G  (510  cm**1) 
conformations  are  also  present  in  the  spectrum  of 
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Figure  3.  Dose  dependence  of  infrared  absorbances  of  the 
trans  and  gauche  bands  from  P(VDF— TrFE)  50/50  copolymer 
films  irradiated  at  120  °C  with  2.55  MeV  electrons.  The 
experimental  data  points  are  shown,  and  solid  lines  are  drawn 
to  guide  the  eye. 

unirradiated  copolymer,  which  are  consistent  with  early 
experiment  results  and  presumably  due  to  the  existence 
of  the  domain  structure  as  has  been  suggested  from  the 
early  X-ray  diffraction  and  FT-IR  data.2-4  Although  there 
are  several  peaks  for  each  type  of  chain  conformation, 
these  three,  i.e.,  1288  cm"1  (Tm>4>,  614  cm"1  (TG),  and 
510  cm-1  (T3G),  were  chosen  for  the  following  analysis 
because  these  are  all  from  the  vibrations  of  the  CF2 
group.17 

Presented  in  Figure  3  is  the  dependence  of  the  relative 
absorbance  of  these  bands  on  the  irradiation  doses, 
deduced  from  the  data  in  Figure  2.  Each  individual 
component  of  the  bands  has  been  fitted  and  separated 
from  others  by  assuming  a  Lorentzian  function  peak 
shape.  In  the  measurement,  the  samples  for  different 
doses  have  small  variations  in  thickness.  Moreover,  the 
absorbance  of  even  the  same  type  of  chain  conformation 
may  be  different  due  to  different  cross-linking  densities 
at  different  irradiation  doses.  To  correct  these  factors, 
an  internal  standard  should  be  used  to  compare  the 
relative  absorbance  of  different  conformational  se¬ 
quences.  The  absorbance  at  3022  cm"1  is  the  asym¬ 
metric  stretching  vibration  of  the  C— H  bond,18  and  as 
it  is  almost  proportional  to  the  thickness  of  the  sample 
and  does  not  depend  on  the  state  of  the  sample,  it  was 
used  as  an  internal  standard  here.  The  data  in  Figure 
3  are  the  relative  absorbance  after  this  correction. 

The  data  in  Figure  3  show  that  after  irradiation  the 
absorbance  intensity  of  the  all-trans  peak  decreases 
precipitously.  At  doses  higher  than  100  Mrad,  this  peak 
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Figure  4.  Fraction  of  trans  and  gauche  conformations  as  a 
function  of  the  dose  for  P(VDF— TrFE)  50/50  copolymer  irradi¬ 
ated  at  120  °C  with  2.55  MeV  electrons.  The  experimental  data 
points  are  shown,  and  solid  lines  are  drawn  to  guide  the  eye. 

essentially  disappears.  Concomitantly,  the  absorbance 
peak  corresponding  to  TG  sequence  increases  with 
irradiation  dose,  and  at  doses  beyond  60  Mrad,  it  shows 
irregular  changes  with  dose.  For  the  peak  at  510  cm”1 
for  T3G  sequences,  the  absorbance  does  not  show  a 
monotonic  change  with  dose,  and  irregular  change  is 
also  observed  at  doses  beyond  60  Mrad. 

To  quantify  these  changes  with  doses,  we  adopted  the 
method  used  by  Osaki  et  al.18  to  calculate  the  fraction 
of  each  chain  sequence  in  the  polymer  from  the  infrared 
spectrum.  Because  three  chain  sequences  are  present, 
the  fraction  of  each  chain  sequence  is 

At 

Ft=  A  ,  ,  7  (3) 

A\  +  ^11  + 

where  i  =  I,  II,  and  III,  Ai,  An,  and  Am  are  the 
absorbances  of  crystal  forms  I,  II,  and  III,  i.e,  with  all- 
trans  (Tm»4),  T3G,  and  TG  sequences,  respectively;  and 
Fi  is  the  fraction  of  chain  sequence  i.  The  result  is 
presented  in  Figure  4. 

The  results  in  Figure  4  indicate  that  the  change  of 
the  fraction  of  chain  sequence  with  dose  can  be  divided 
into  three  regions:  below  60  Mrad,  60-100  Mrad,  and 
above  100  Mrad.  At  doses  below  60  Mrad,  the  fraction 
of  all-trans  sequences  corresponding  to  macroscopic 
polarization  drops  rapidly  with  doses,  while  both  TG  and 
T3G  sequences  increase.  This  is  very  similar  to  the 
observed  macroscopic  transformation  of  the  ferroelectric 
to  a  nonpolar  (paraelectric-like)  phase  of  the  copolymer 
with  increased  irradiation  dose.14*20’21  At  30  Mrad,  the 
FT-IR  data  show  that  there  are  still  relatively  large 
regions  of  all-trans  conformation  in  the  polymer.  Con¬ 
sistent  with  these  observations,  the  polarization  hys¬ 
teresis  data  in  Figure  1  show  the  presence  of  the 
polarization  hysteresis  and  remanent  polarization.  At 
60  Mrad,  the  fraction  of  the  all-trans  conformation  drops 
to  below  0.1,  and  correspondingly,  the  polarization  loop 
has  become  very  slim  at  this  dose.  At  doses  between  60 
and  100  Mrad,  the  rate  of  decrease  of  the  all-trans 
conformation  with  dose  becomes  lower,  and  more  inter¬ 
estingly,  the  fraction  of  TG  conformation  exhibits  a  drop 
with  dosage,  suggesting  a  recovering  of  the  local  polar 
ordering  in  the  copolymer  with  dose.  At  doses  above  100 
Mrad,  the  fraction  of  all-trans  conformation  becomes 
zero,  and  the  fraction  of  the  TG  conformation  increases 
again,  due  to  the  disappearance  of  the  macroscopic 
crystal  phase  in  the  polymer  at  high  doses,  which  will 
be  discussed  later. 
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Figure  5.  Fraction  of  trans  and  gauche  conformations  as  a 
function  of  temperature  for  unirradiated  P(VDF-TrFE)  50/ 
50  copolymer.  The  data  show  a  clear  phase  transition  at 
temperatures  near  70  °C.  The  experimental  data  points  are 
shown.  The  solid  lines  are  drawn  to  guide  the  eye,  and  arrows 
indicate  the  heating  or  cooling  of  the  experiment. 

Two  more  experiments  were  carried  out  in  order  to 
further  elucidate  the  observed  behavior.  The  FT-IR 
spectrum  was  measured  for  the  unirradiated  50/50 
copolymer  as  a  function  of  temperature  where  a  phase 
transformation  from  a  macroscopically  polar  phase 
(ferroelectric  /?-phase)  to  a  nonpolar  phase  the  (paraelec- 
tric  phase)  occurs  at  the  F— P  transition  temperature. 
X-ray  diffraction  data  were  also  taken  from  irradiated 
copolymer  samples  as  a  function  of  dose.  Presented  in 
Figure  5  is  the  fraction  of  the  three  chain  conformations 
in  the  unirradiated  copolymer  as  a  function  of  temper¬ 
ature  (calculated  using  eq  3).  The  data  reveal  a  clear 


29 

Figure  6.  X-ray  diffraction  data  at  angles  near  the  (200, 110) 
reflections  of  unirradiated  film.  The  data  were  taken  for  films 
with  different  doses  (in  Mrad):  a,  0;  b,  30;  c,  60;  d,  80;  e,  100; 
f,  150.  The  arrows  indicate  the  center  of  a  broad  diffraction 
peak. 

transition  between  the  ferroelectric  and  paraelectric 
phase  as  signified  by  a  large  increase  of  the  TG  fraction 
(from  near  zero  in  the  ferroelectric  phase),  a  moderate 
increase  of  the  T3G  fraction,  and  a  drop  to  zero  in  the 
all-trans  conformation.  This  result  indicates  that  the 
phenomenon  observed  in  the  irradiated  copolymer  in  the 
doses  from  60  to  100  Mrad  is  not  related  to  the 
macroscopic  change  from  a  polar  to  a  nonpolar  phase. 

X-ray  data  taken  at  room  temperature  from  the 
irradiated  copolymer  are  presented  in  Figure  6.  The 
data  show  the  evolution  of  the  (200,  110)  reflection  of 
the  original  ferroelectric  phase  with  dose.  For  the 
unirradiated  P(VDF-TrFE)  50/50  copolymer,  a  two- 
peak  structure  at  0  angle  near  (200,  110)  reflection  has 
been  observed  by  many  early  X-ray  studies.2-10  This  two- 
peak  structure  is  attributed  to  the  presence  of  a  mixture 
of  disordered  trans  and  V3-  helical  conformations  in  the 
crystalline  phase.10  For  irradiated  samples,  in  analogy 
to  the  FT-IR  data,  the  X-ray  data  also  show  three  dose 
regions.  Below  60  Mrad,  the  X-ray  peak  moves  to  a 
lower  angle,  indicating  an  expansion  of  the  lattice 
perpendicular  to  the  chain  direction,  and  sharpens,  due 
to  the  disappearance  of  the  macroscopic  polarization  and 
hence  the  domain  structure.  Upon  60  Mrad  irradiation, 
a  peak  appears  at  4.84  A,  which  is  close  to  the  lattice 
spacing  of  the  paraelectric  phase  of  unirradiated  co¬ 
polymer  determined  from  X-ray  data  above  the  Curie 
temperature  and  consistent  with  early  experimet  re- 
sults.2-20-21  These  results  are  consistent  with  the  FT-IR 
data  and  the  polarization  data,  showing  the  disappear¬ 
ance  of  the  macroscopic  polarization  in  the  copolymer 
due  to  the  irradiation.  Interestingly,  at  doses  higher 
than  60  Mrad,  the  X-ray  peak  moves  back  toward  a 
higher  angle,  indicating  a  contraction  of  the  lattice 
spacing  in  the  directions  perpendicular  to  the  chain,  and 
concomitantly  the  peak  broadens,  suggesting  the  reduc¬ 
tion  of  the  crystallite  size  due  to  the  irradiation.  The 
contraction  of  the  lattice  perpendicular  to  the  polymer 
chain  is  consistent  with  the  FT-IR  observation,  where 
in  this  dose  range  the  fraction  of  TG  sequence  decreases 
with  dose.  TG  sequences  cause  larger  lattice  spacing 
perpendicular  to  the  chain  compared  with  T3G  and  all- 
trans  sequences.22  At  150  Mrad,  the  X-ray  peak  becomes 
very  broad  and  moves  to  20  —  17.6°,  indicating  that  no 
long-range  crystalline  ordering  exists  and  the  copolymer 
is  nearly  amorphous.  This  is  consistent  with  the  early 
experimental  results.20-23  The  crystallinity  can  be  esti- 
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Figure  7.  Lattice  spacing  Gfeoo  as  a  function  of  irradiation  dose 
for  50/50  films  irradiated  at  120  °C.  The  open  circles  are  taken 
from  the  fitting  of  X-ray  data,  and  dots  are  calculated  from 
the  FT-IR  data.  Solid  lines  are  drawn  to  guide  the  eye. 

mated  from  the  area  of  crystalline  and  amorphous 
diffraction  peak.  The  results  indicate  that  the  crystal¬ 
linity  decreases  with  the  dose.  At  doses  of  60  Mrad  or 
higher  the  crystallinity  of  the  copolymer  has  been 
reduced  to  less  than  half  as  compared  with  the  case  of 
the  unirradiated  films.23 

The  change  of  cfeoo  spacing  with  dose  from  the  X-ray 
data  is  shown  in  Figure  7.  In  addition,  the  lattice 
spacing  can  also  be  estimated  from  the  FT-IR  results  if 
the  irradiated  P(VDF-TrFE)  copolymer  is  regarded  as 
composed  of  TTTT,  TGTG',  and  T3GT3G'  conformations 
with  each  conformation  having  its  own  lattice  spacing. 
Tashiro  et  al.  calculated  the  dz 00  for  these  three  different 
conformations:  4.425,  4.82,  and  4.79  A,  respectively.22 
Combining  this  with  the  fraction  of  three  different 
conformations  obtained  from  the  FT-IR  results,  the  c/200 
value  of  the  P(VDF—TrFE)  film  irradiated  at  different 
doses  is  calculated,  and  the  results  are  also  presented 
in  Figure  7.  As  can  be  seen  from  the  data,  the  two 
results  are  consistent  with  each  other  although  the  c/200 
value  from  the  X-ray  diffraction  data  is  higher  than 
those  from  the  FT-IR  data  except  for  the  unirradiated 
film.  The  reason  for  this  might  be  that  in  the  calculation 
we  assumed  that  the  c/200  spacing  for  each  conformation 
does  not  change  with  dose,  while  in  reality  lattice 
deformation  should  exist  after  irradiation. 

Therefore,  both  FT-IR  and  X-ray  data  indicate  that 
the  reduction  in  the  crystallite  size  (there  is  a  large 
reduction  in  the  crystallite  size  after  60  Mrad  irradia¬ 
tion)  and  other  changes  (as  will  be  discussed  later  in 
the  paper)  in  the  copolymer  due  to  irradiation  favor  the 
T3G  conformation  compared  with  TG  (paraelectric  phase). 

Figure  8  shows  the  temperature  dependence  of  T3G 
and  TG  conformations  derived  from  FT-IR  spectra 
measured  at  different  temperatures  for  the  irradiated 
copolymer  with  a  dose  of  60  Mrad.  As  expected,  no 
transition  behavior  is  observed  (in  contrast  to  the  data 
in  Figure  5  for  unirradiated  samples  where  a  transi¬ 
tional  change  in  the  molecular  conformations  was 
observed),  indicating  that  indeed  the  macroscopic  po¬ 
larization  in  the  normal  ferroelectric  /3-phase  has  been 
destroyed. 

3.2.  Chemical  Changes  Due  to  Irradiation.  In 

addition  to  the  conformation  changes,  FT-IR  data  also 
reveal  other  changes  in  the  copolymer  due  to  irradiation. 
In  Figure  9,  the  FT-IR  spectra  in  the  wavenumber  range 
between  4000  and  1600  cm-1  are  presented  where  the 
data  from  samples  before  and  after  irradiation  are 
compared.  In  general,  irradiation  of  polymers  may  lead 


Figure  8.  Relative  absorbance  of  TG  and  T3G  conformations 
as  a  function  of  temperature  for  50/50  copolymer  irradiated 
at  120  °C  with  60  Mrad  dose.  The  open  circles  are  the  data, 
and  solid  lines  are  drawn  to  guide  the  eye. 


Figure  9.  FT-IR  spectra  of  irradiated  P(VDF-TrFE)  copoly¬ 
mer  film  (100  Mrad)  compared  with  unirradiated  film  in 
wavenumber  range  4000—1600  cm'1. 

to  the  formation  of  radical  or  ionic  species  due  to 
heterolytic  or  homolytic  bond  scission  reactions.  These 
reactions  will  produce  the  following  changes  in  the 
polymer:24  (a)  chain  scission  or  cross-linking  and  the 
resulting  changes  in  average  molecular  weight  and  (b) 
the  formation  of  oxidative  degradation  products  such 
as  hydrofluoric  acid,  carboxylic  acid,  alcohol,  and  hyprop- 
eroxide  groups  if  traces  of  oxygen  are  present  during  or 
after  irradiation  processing. 

For  the  copolymer  studied  here,  it  is  observed  that 
after  irradiation  an  absorbance  peak  appears  at  1717 
cm-1,  which  could  be  assigned  to  the  double  bond 
structure  of  — CH=CF-24  as  well  as  a  carboxyl  group 
(— C=0-).  However,  the  appearance  of  a  broad  peak 
between  3200  and  3600  cm-1,  the  typical  absorbance 
frequency  of  hydroxyl  (—OH)  group,  for  samples  after 
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Figure  10.  Intensity  of  FT-IR  bands  of  carboxyl  group  of 
P(VDF-TrFE)  50/50  copolymer  film  irradiated  under  nitrogen 
atmosphere  as  a  function  of  radiation  dosage  (C-H,  3022  cm-1; 
C=0,  1717  cm-1).  The  solid  line  is  drawn  to  guide  the  eye. 


Figure  11.  Number  of  repeating  unit  (“CH2CF2CHFCF2-) 
n  between  two  cross-links  for  P(VDF— TrFE)  50/50  copolymer 
film  irradiated  at  different  doses.  The  solid  line  is  drawn  to 
guide  the  eye. 

irradiation  seems  to  be  more  consistent  with  the  inter¬ 
pretation  that  the  peak  at  1717  cm"1  is  from  a  carboxyl 
group.  The  formation  of  a  terminal  carboxylic  acid  group 
in  the  irradiated  samples  could  be  caused  by  the 
presence  of  trace  oxygen  in  the  samples  or  in  the 
irradiation  chamber.  Even  though  the  irradiation  cham¬ 
ber  has  a  nitrogen  circulation,  a  small  amount  of  oxygen 
might  still  exist  in  the  chamber.  The  change  of  the 
content  of  carboxylated  groups  with  dose  is  summarized 
in  Figure  10,  which  shows  that  the  infrared  absorption 
intensity  of  carboxylated  groups  (quotient  of  absorption 
peak  of  the  C=0  stretching  vibration  and  nonspecific 
C— H)  increases  with  doses  linearly.  However,  in  the 
dose  range  investigated,  the  content  of  carboxylated 
groups  is  still  quite  small  in  the  polymer.  As  will  be 
demonstrated  in  the  following,  irradiation-induced  cross- 
linking  seems  to  be  the  dominant  chemical  change  in 
the  copolymer  investigated  here. 

Cross-linking  density  was  measured  for  the  irradiated 
copolymers,  and  the  data  are  presented  in  Figure  11, 
where  the  change  in  the  number  of  repeating  units  ( n ) 
between  two  cross-linking  points  along  the  chain  in  the 
unit  of  — CH2CF2CHFCF2—  is  plotted  versus  the  ir¬ 
radiation  dose.  Although  P(VDF-TrFE)  is  a  random 
copolymer,  -CH2CF2CHFCF2-  is  taken  here  as  a 
repeating  unit  for  the  sake  of  convenience  in  the 
presentation.  The  cross-linking  density  is  inversely 
proportional  to  n  (or  Mc).  The  result  in  Figure  11 


demonstrates  that  the  copolymer  at  doses  higher  than 
60  Mrad  is  highly  cross-linked.  The  result  confirms  that 
cross-linking  is  the  dominant  chemical  change  during 
high-energy  electron  irradiation. 

IV.  Summary 

The  changes  in  the  crystalline  structure,  molecular 
conformation,  and  other  possible  chemical  reactions  in 
the  P(VDF-TrFE)  50/50  copolymer  due  to  high-energy 
electron  irradiation  were  investigated  in  terms  of  FT- 
IR,  X-ray  diffraction,  and  cross-linking  density  mea¬ 
surements.  The  irradiation-induced  structural  and  con¬ 
formational  changes  are  not  monotonic.  For  the  co¬ 
polymer  studied  here  (irradiated  at  120  °C),  the  irradia¬ 
tion-induced  changes  can  be  divided  into  three  regions. 
Below  60  Mrad,  FT-IR  and  X-ray  data  indicate  that  the 
irradiation  causes  a  continuous  reduction  of  the  mac¬ 
roscopic  polarization  in  the  polymer,  and  this  can  be 
compared  directly  with  the  evolution  of  the  polarization 
hysteresis  loop  with  dose  (from  the  square  polarization 
loop  to  slim  loop).  However,  for  doses  between  60  and 
100  Mrad,  the  rate  of  decrease  of  the  all-trans  confor¬ 
mation  with  dose  becomes  much  slower,  and  the  fraction 
of  TG  sequence,  which  is  related  to  the  randomization 
of  the  polarization  in  the  copolymer,  actually  shows  a 
decrease  with  dose.  X-ray  data  in  the  same  dose  range 
also  show  a  contraction  of  the  lattice  spacing  perpen¬ 
dicular  to  the  chain.  This  anomalous  process  could  be 
caused  by  a  high  cross-linking  density  in  the  copolymer 
which  would  favor  chain  conformations  that  have 
smaller  lattice  spacings  between  chains,  such  as  the  T3G 
sequences.  At  higher  doses  (~150  Mrad),  the  irradiation 
leads  to  a  near  amorphous  phase  in  the  copolymer, 
which  exhibits  a  linear  dielectric  response  in  the  polar¬ 
ization  hysteresis  data. 

The  experimental  results  also  indicate  that,  in  addi¬ 
tion  to  the  changes  in  the  crystalline  phase,  there  is  a 
continuous  reduction  of  the  crystallinity  in  the  copoly¬ 
mer  with  dose  due  to  the  increased  cross-linking  density, 
which  leads  to  the  eventual  disappearance  of  the 
macroscopic  ciystalline  ordering  in  the  copolymer  which 
is  consistent  with  the  early  experimental  observa¬ 
tions.20’21 
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Abstract.  This  paper  presents  experimental  results  show¬ 
ing  that  in  a  certain  composition  range  and  under  a  proper 
electron-irradiation  treatment,  a  normal  ferroelectric  poly- 
(vinylidene  fluoride-trifluoroethylene)  copolymer  can  be  con¬ 
verted  into  a  material  exhibiting  many  typical  features  of 
relaxor  ferroelectrics,  suggesting  that  this  is  a  new  class 
of  relaxor  ferroelectric  material.  Furthermore,  the  irradiated 
copolymer  can  generate  giant  electrostriction  5%)  with 
a  high  elastic  energy  density.  The  X-ray  diffraction  results 
obtained  from  the  irradiated  copolymer  under  electric  field, 
indicate  that  the  observed  polarization  and  strain  responses 
are  mainly  due  to  the  local  phase  transformation  from  a  non¬ 
polar  phase  to  a  polar  phase. 

PACS:  77.80.-e;  77.65.Bn;  77.84.Jd 


Relaxor  ferroelectrics  have  attracted  a  great  deal  of  attention 
in  the  past  several  decades  [1, 2].  On  the  fundamental  science 
side,  because  the  interactions  responsible  for  the  relaxor  fer¬ 
roelectric  (RFE)  phenomena  are  on  the  mesoscopic  scale,  it  is 
still  a  challenge  to  develop  an  understanding  of  the  many  in¬ 
teresting  and  peculiar  features  displayed  by  this  class  of  mate¬ 
rials  [3-6].  On  the  application  side,  this  class  of  materials  of¬ 
fers  a  high  dielectric  constant  and  high  electrostriction,  which 
are  attractive  for  a  broad  range  of  devices  [6-8].  It  is  inter¬ 
esting  to  note  that  although  the  RFE  phenomenon  has  been 
observed  in  ceramic  materials  for  nearly  four  decades,  there  is 
no  direct  experimental  observation  of  a  RFE  phenomenon  in 
polymer  systems.  Recently,  we  observed  that  poly(vinylidene 
fluoride-trifluoroethylene)  (P(VDF-TrFE))  copolymer  under 
proper  high-energy  electron-irradiation  treatments  can  ex¬ 
hibit  many  features  resembling  a  RFE  [9].  In  this  paper,  we 
will  present  the  experimental  results  related  to  these  obser¬ 
vations.  In  addition,  we  will  show  that  the  relaxor  ferro¬ 
electric  P(VDF-TrFE)  copolymer  can  generate  massive  elec- 
trostrictive  strain,  on  the  order  of  5%  with  a  high  elastic 
energy  density.  X-ray  diffraction  data  will  also  be  presented 
to  demonstrate  that  the  polarization  response  in  this  new  class 
of  relaxor  material  is  mainly  from  the  local  phase  switching, 


which  is  also  responsible  for  the  giant  electrostriction  in  the 
material. 

P(VDF-TrFE)  copolymer,  in  the  compositions  with  VDF 
content  >  50  mol  %,  exhibits  characteristics  of  a  normal 
ferroelectric  [10].  In  the  composition  range  between  about 
50  mol  %  and  85  mol  %  VDF,  a  ferroelectric  to  paraelectric 
(F  P)  transition  has  been  observed.  For  copolymers  with 
VDF  content  higher  than  85  mol  %,  the  ferroelectric  phase 
is  directly  transformed  to  a  melt  as  the  temperature  is  in¬ 
creased.  It  is  assumed  that  the  F  P  transition  is  preempted 
by  the  melting  transition  [10, 11].  It  has  been  observed  that 
as  the  VDF  content  decreases,  the  F  P  transition  evolves 
from  first  order  VDF  content  >  60  mol  %)  to  a  continuous 
one  (VDF  content  <  60mol%)  [10, 12].  This  is  understand¬ 
able  since  TrFE  dilutes  the  dipole  density  and  weakens 
the  ferroelectricity  in  the  polymer.  As  a  consequence,  in 
the  irradiation  experiment,  it  was  found  that  with  increased 
VDF  content  in  the  copolymer,  it  becomes  harder  to  convert 
a  normal  ferroelectric  P(VDF-TrFE)  to  a  RFE.  That  is,  the 
dose  needed  to  complete  this  conversion  becomes  higher  for 
copolymers  with  higher  VDF  content.  Furthermore,  using  the 
electron  sources  available  to  us  (electron  energies  at  1  MeV, 
1.2  MeV,  and  2.55  MeV),  the  copolymer  can  not  be  converted 
to  a  relaxor  when  the  VDF  content  is  higher  than  70  mol  %. 
Therefore,  the  experimental  results  presented  are  those  from 
copolymers  of  P(VDF-TrFE)  50/50, 65/35,  and  68/32. 

It  is  interesting  to  point  out  that  there  are  many  analo¬ 
gies  between  the  irradiated  P(VDF-TrFE)  copolymers  and 
the  La-doped  Pb(Zr*Tii  x)0 3  (PLZT)  ceramics  in  the  trans¬ 
formation  from  a  normal  ferroelectric  to  a  RFE.  In  irradiated 
P(VDF-TrFE)  copolymer,  it  is  the  defect  structures  intro¬ 
duced  by  irradiation  that  transform  the  normal  ferroelectric 
P(VDF-TrFE)  into  a  RFE.  Whereas  in  PLZT  ceramics,  it  is 
the  defect  structures  introduced  by  La  that  convert  the  nor¬ 
mal  ferroelectric  PZT  into  a  relaxor  [13].  The  aforementioned 
phenomenon  in  the  irradiated  P(VDF-TrFE)  copolymers  are 
also  very  similar  to  what  has  been  observed  in  PLZT  ceram¬ 
ics  where  the  amount  of  La  required  in  the  transformation  and 
the  ease  of  the  conversion  of  PZT  into  a  RFE  also  depends 
strongly  on  the  PZT  composition  [14], 
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1  Experimental 

The  P(VDF-TrFE)  copolymer  powders  with  a  mean  molecu¬ 
lar  weight  of  200  000  were  purchased  from  Solvay  and  Cie, 
Brussels,  Belgium.  Two  approaches  were  used  here  to  pre¬ 
pare  the  copolymer  films:  melt  press  and  solution  cast.  In 
the  melt-press  process,  the  P(VDF-TrFE)  copolymer  powders 
were  pressed  between  two  pieces  of  aluminum  foil  at  tem¬ 
peratures  between  215  °C  and  225  °C.  The  films  were  then 
either  slowly  cooled  down  to  room  temperature,  resulting  in 
a  high  crystallinity,  or  quenched  in  ice-cold  water,  to  keep  the 
crystallinity  of  the  film  low.  In  the  solution-cast  method,  the 
copolymer  was  dissolved  in  dimethyl  formanide  (DMF),  and 
then  the  solution  was  cast  on  a  fiat  glass  plate  and  dried  in 
an  oven  at  70  °C.  Two  types  of  films  were  used  in  this  inves¬ 
tigation:  stretched  and  unstretched.  In  unstretched  films,  the 
films  were  annealed  at  140  °C  for  a  time  period  between  12 
to  14  h  to  improve  the  crystallinity.  In  stretched  films,  films 
made  from  solution  cast  or  quenched  from  melt  press  were 
uniaxially  stretched  by  a  factor  of  5  at  a  temperature  between 
25  °C  and  50  °C.  Afterwards,  these  films  were  also  annealed 
at  140  °C  for  12  to  14  h  to  increase  the  crystallinity.  The  thick¬ 
ness  of  both  the  stretched  and  unstretched  films  was  in  the 
range  from  15  to  30  pm.  The  irradiation  was  carried  out  in 
a  nitrogen  or  argon  atmosphere  at  different  temperatures  from 
room  temperature  to  120  °C.  Three  electron  energies  were 
used  in  the  irradiation:  1  MeV,  1.2  MeV,  and  2.55  MeV. 

Gold  sputtered  films  were  used  for  the  characterization 
of  the  dielectric  properties,  polarization,  and  electric-field- 
induced  strain  behavior  of  the  films.  The  dielectric  constant 
of  the  films  was  measured  either  by  a  dielectric  analyzer  (TA 
instruments,  model  No.  2970)  or  by  a  LCR  meter  (HP  4194). 
The  polarization  hysteresis  loop  was  measured  by  a  computer 
controlled  automatic  system  based  on  the  Sawyer-Tower 
circuit.  The  pyroelectric  coefficient  of  P(VDF-TrFE)  50/50 
copolymer  was  measured  using  the  Byer-Roundy  technique. 
The  samples  were  first  poled  by  applying  a  dc  field  of 
50MV/m  at  80  °C  and  then  slowly  cooled  down  to  50  °C 
under  field.  The  pyroelectric  current  was  measured  at  a  heat¬ 
ing  rate  of  2  °C/min  using  a  HP  4140B  Picoammeter.  The 
longitudinal  strain,  the  strain  response  along  the  thickness  di¬ 
rection,  was  characterized  by  a  strain  sensor  based  on  the 
piezoelectric  bimorph  sensor,  which  was  designed  specific¬ 
ally  for  the  polymer  film  strain  measurements  [15].  The  X-ray 
pattern  was  taken  at  room  temperature  (20  °C)  using  a  Scin- 
tag  diffractrometer  (model  PAD-V)  with  Ni-filtered  Cu  Ka 
radiation. 


2  Experimental  results 

2.1  Relaxor  ferroelectric  behavior  in  irradiated  copolymers 

Figure  1  presents  a  comparison  of  the  polarization  hystere¬ 
sis  loop  of  P(VDF-TrFE)  50/50  copolymer  before  and  after 
irradiation  measured  at  room  temperature  (1Hz).  The  ir¬ 
radiation  was  performed  at  120  °C  with  a  40-Mrad  dose  of 
2.55-MeV  electrons.  Before  the  irradiation,  the  polymer  film 
exhibits  a  well-defined  square  polarization  hysteresis  loop 
with  a  coercive  field  at  45  MV/m  and  a  remanent  polariza¬ 
tion  of  64  mC/m2.  In  contrast,  the  film  after  irradiation  shows 
a  slim  polarization  loop. 


Fig.  la,b.  The  polarization  hysteresis  loops  of  P(VDF-TrFE)  50/50  copoly¬ 
mer  measured  at  room  temperature:  a  before  irradiation,  b  after  irradiation 
with  40  Mrad  at  120  °C  of  2.55-MeV  electrons 


The  slim  polarization  loop  suggests  that  the  polymer  after 
irradiation  may  resemble  a  RFE  observed  in  ceramic  sys¬ 
tems.  To  determine  whether  P(VDF-TrFE)  copolymer  after 
irradiation  is  a  simple  dielectric  or  a  ferroelectric  with  RFE, 
the  polarization  hysteresis  loop  was  measured  at  lower  tem¬ 
peratures.  As  presented  in  Fig.  2,  the  polarization  hysteresis 
gradually  increases  with  reduced  temperature.  In  order  to 
characterize  the  temperature  dependence  of  the  remanent  po¬ 
larization  Px,  the  pyroelectric  coefficient  was  measured  before 
and  after  the  irradiation.  Before  irradiation,  a  sharp  drop  of 
the  remanent  polarization  PT  with  temperature  is  seen  around 
70  °C  the  F  P  transition  temperature  (Fig.  3),  but  after  ir¬ 
radiation,  the  change  of  PT  with  temperature  is  more  gradual, 
analogous  to  what  has  been  observed  in  inorganic  materials 
exhibiting  RFE  behavior.  In  addition,  the  derivative  of  PT  of 
irradiated  sample  with  temperature  exhibits  two  broad  peaks, 
the  one  near  23  °C  is  related  to  the  glass  transition  and  the 
one  near  32  °C  coincides  closely  with  the  freezing  tempera¬ 
ture  determined  from  the  dielectric  constant  data  (7f  =  34  °C) 
as  will  be  discussed  in  the  next  paragraph. 

The  dielectric  constant  of  the  irradiated  copolymer  was 
characterized  as  a  function  of  temperature  at  different  fre¬ 
quencies.  Figure  4  shows  that  the  irradiated  P(VDF-TrFE) 
50/50  copolymer  exhibits  a  broad  dielectric  peak  ( Tm )  around 
room  temperature,  which  is  below  the  F  P  transition  tem¬ 
perature  (about  70  °C)  observed  in  unirradiated  samples. 
However,  unlike  the  dielectric  constant  peak  associated  with 
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Fig.  2.  Polarization  hysteresis  loops  of  P(VDF-TrFE)  50/50  copolymer 
(irradiated  at  120  °C  with  40  Mrad  of  2.55-MeV  electrons)  measured  at 
different  temperatures.  At  lower  temperatures  the  loops  show  the  gradual 
increase  of  the  remanent  polarization  and  hysteresis 


309 


Fig.  3.  Remanent  polarization  PT  as  a  function  of  temperature  before 
{dashed  line)  and  after  ( solid  line )  irradiation  for  P(VDF-TrFE)  50/50 
copolymer  irradiated  at  120  °C  with  40  Mrad  of  2.55-MeV  electrons 


Fig.  4.  The  dielectric  constant  and  dielectric  loss  as  a  function  of  tempera¬ 
ture  for  P(VDF-TrFE)  50/50  copolymer  irradiated  at  120°  C  with  40  Mrad 
of  2.55-MeV  electrons.  The  frequency  is  (from  top  to  bottom  for  the  dielec¬ 
tric  constant  and  from  bottom  to  top  for  the  dielectric  loss)  100  Hz,  1  kHz, 
10  kHz,  100  kHz,  300  kHz,  600  kHz,  and  1  MHz.  The  inset  shows  the  fitting 
of  the  V-F  law,  where  the  solid  line  is  the  fit  and  the  dots  are  the  data.  The 
horizontal  axis  in  the  insert  is  temperature  in  Kelvin 


the  F  P  transition,  the  data  in  Fig.  4  show  that  Tm  shifts 
progressively  toward  a  higher  temperature  with  frequency, 
another  feature  common  to  all  RFE.  In  addition,  as  shown  in 
the  insert  of  Fig.  4,  the  dispersion  of  Tm  with  frequency  (/) 
can  be  modeled  quite  well  with  the  Vogel-Folcher  (V-F)  law 

/  =  /0exp(—  7f))  ’  (1) 

a  relation  observed  in  many  relaxor  ferroelectric  systems  and 
spin  glass  systems  [4, 16-18],  where  U  is  a  constant  related 
to  the  activation  energy,  k  is  the  Boltzmann  constant,  and 
T{  is  the  freezing  temperature.  The  fitting  of  the  data  yields 
f0  =  9.6  MHz,  U  =  6.4  x  10  3  eV  (or  expressed  as  U  =  kTo 
and  To  =  143  K)  and  Tf  =  307  K  (=  34  °C).  The  value  7} 
obtained  here  is  nearly  the  same  as  that  obtained  from  the 
pyroelectric  coefficient  data,  again  a  feature  resembling  that 
observed  in  ceramic  systems  with  RFE.  These  observations 
suggest  that  the  irradiated  copolymer  is  a  new  class  of  RFE, 
relaxor  ferroelectric  polymer. 

Similar  results  were  also  obtained  for  the  irradiated 
copolymer  65/35  and  68/32  and  the  polarization  and  dielec¬ 
tric  constant  are  presented  in  Figs.  5  and  6.  In  analyzing  the 
dielectric  data,  it  was  found  that  the  parameters  in  the  V-F 
law  can  vary  over  a  wide  range  with  sample  treatment  con¬ 
ditions,  especially  the  electron  energy  used  in  the  irradiation. 


Fig.  5.  a  The  polarization  hysteresis  loop  measured  at  room  temperature, 
b  the  fitting  of  the  V-F  law,  and  c  the  dielectric  constant  as  a  function 
of  temperature  measured  at  different  frequencies  (10  Hz,  30  Hz,  100  Hz, 
400  Hz,  1  kHz,  4  kHz,  10  kHz,  40  kHz,  and  100  kHz),  for  the  copolymer 
65/35  stretched  (5x)  irradiated  at  105  °C  with  70  Mrad  of  2.55-MeV  elec¬ 
trons.  The  parameters  for  the  V-F  law  from  the  fit  are  /o  —  5.34  MHz, 
Tf  =  297.5  K,  and  U  —  5.3  x  10  3  eV 


Temperature  (°C) 


Fig.  6.  a  The  polarization  hysteresis  loop  measured  at  room  temperature, 
b  the  fitting  of  the  V-F  law,  and  c  the  dielectric  constant  as  a  function 
of  temperature  measured  at  different  frequencies  (30  Hz,  100  Hz,  1  kHz, 
4  kHz,  10  kHz,  40  kHz,  and  100  kHz)  for  the  copolymer  68/32  irradiated  at 
105  °C  with  70  Mrad  of  1-MeV  electrons.  The  parameters  for  the  V-F  law 
from  the  fit  are  f0  =  1-47  GHz,  Tf  =  286.1  K,  and  V  =  2.1  x  10  2  eV 


For  example,  as  shown  in  Fig.  6,  /o  and  U  for  the  copoly¬ 
mer  68/32  irradiated  with  1-MeV  electrons  are  1 .47  x  109  Hz 
and  2.1  x  10  2eV,  respectively,  much  higher  than  those  ob¬ 
tained  in  the  copolymers  irradiated  with  2.55-MeV  elec¬ 
trons.  The  observed  large  changes  of  fo  and  U  for  samples 
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treated  under  different  conditions  could  be  caused  by  the 
changes  in  the  average  polar  cluster  size  and  the  pinning 
of  local  polar  regions  by  defects  such  as  crosslinking  in 
the  polymer.  This  is  an  interesting  area  to  be  investigated 
further. 

It  should  be  mentioned  that  in  addition  to  converting  the 
normal  ferroelectric  phase  in  the  crystalline  region  into  re- 
laxor  ferroelectric,  the  high-energy  electron  irradiation  also 
reduces  the  crystallinity  and  causes  crosslinking  in  the  poly¬ 
mer  [19-21].  As  a  result  of  the  reduction  of  crystallinity,  the 
peak  dielectric  constant  gradually  decreases  with  dosage  at 
high  electron  doses  and  at  very  high  electron  doses  where  the 
crystallinity  is  nearly  zero,  the  broad  dielectric  constant  peak 
also  nearly  disappears.  This  results  demonstrate  that  the  ob¬ 
served  high  peak  dielectric  constant  and  dielectric  dispersion 
are  mainly  from  the  crystalline  phase. 


2.2  Field-induced  strain  responses  and  electrostriction  in 
the  irradiated  copolymers 

Presented  in  Fig.  7a  is  the  field-induced  longitudinal  strain 
measured  at  30  °C  for  the  copolymer  68/32  irradiated 
with  1-MeV  electrons.  As  shown  in  the  figure,  the  strain 
under  a  field  of  146MV/m  can  reach  5%  (for  most  of 
the  polymers,  the  longitudinal  strain  is  negative),  which 
is  significantly  higher  than  most  known  ferroelectric  ma¬ 
terials.  This  high  electrostrictive  strain  response  plus  the 
relatively  high  elastic  modulus  ( Y  ^  0.4  to  0.5  GPa)  yield 
a  high  elastic  energy  density,  5  75^  =  0.5  J/cm3,  again  much 
higher  than  those  obtained  in  most  known  ferroelectric 
materials.  The  field-induced  strain  under  a  constant  field 
as  a  function  of  temperature  for  this  copolymer  is  sum¬ 
marized  in  Fig.  7b  and  the  data  show  that  the  strain  re¬ 
mains  at  a  high  value  over  a  relatively  broad  temperature 
range. 

The  charge-related  electrostrictive  coefficient  Q33  is  cal¬ 
culated  directly  from  the  strain  and  polarization  data  for 
this  irradiated  copolymer,  S  =  QP2,  where  S  is  the  strain 
and  P  is  the  polarization.  It  is  found  that  Q33  at  30  °C 
is  about  7C2/m4,  which  is  higher  than  that  calculated 
from  the  single-crystal  data  [22-25].  Similar  behavior  is 
also  observed  in  other  irradiated  copolymers  where  the  elec¬ 
trostrictive  coefficient  Q  deduced  from  the  experimental  data 


Fig.  7.  a  Field-induced  strain  measured  at  1  Hz  as  a  function  of  applied  field 
measured  at  30  °C  and  b  the  amplitude  of  the  induced  strain  under  a  con¬ 
stant  field  as  a  function  of  temperature  for  the  copolymer  68/32  irradiated 
at  105  °C  with  70Mrad  of  1-MeV  electrons 


varies  over  a  wide  range  for  the  samples  treated  at  dif¬ 
ferent  conditions,  and  can  be  much  higher  than  the  values 
calculated  from  the  single-crystal  data  [26,27].  Although 
this  phenomenon  seems  puzzling,  it  is  simply  caused  by  the 
semicrystalline  morphology  of  P(VDF-TrFE)  copolymer.  To 
some  extent,  a  P(VDF-TrFE)  copolymer  can  be  regarded 
as  a  composite  with  crystallites  embedded  in  an  amorph¬ 
ous  matrix  [28].  As  a  result,  the  measured  electrostrictive 
coefficient  is  an  effective  coefficient  from  this  compos¬ 
ite  and  can  be  much  higher  than  that  from  the  crystalline 
phase. 

To  illustrate  this,  the  hydrostatic  electrostrictive  coef¬ 
ficient  Qh  is  taken  here  as  an  example.  For  a  compos¬ 
ite,  the  total  volume  strain  is  the  summation  of  the  crys¬ 
talline  region  and  amorphous  region  and  the  electrostrictive 
coefficients  at  the  two  constituents  are  Qhc  for  the  crys¬ 
talline  and  QhA  for  the  amorphous.  For  irradiated  P(VDF- 
TrFE)  copolymer,  it  was  found  that  the  total  polariza¬ 
tion  measured  can  be  related  to  the  polarization  in  the 
crystalline  phase  Pc  and  amorphous  PA  by  the  logarith¬ 
mic  law  of  mixing  as  observed  in  many  diphasic  0  3 

composites  [20], 

log(P)  =  uclog(Pc)  4-  ualo g(PA) ,  (2) 

where  ua  and  vc  are  the  volume  fraction  of  the  amorphous 
and  crystalline  phases,  respectively.  Assuming  the  volume 
change  of  the  sample  equals  the  sum  of  volume  changes  of 
both  amorphous  and  crystal  areas,  using  the  definition  of  the 
electrostrictive  coefficient  g(5v  =  QhP2,  where  5V  is  the  vol¬ 
ume  strain),  it  can  be  derived  that  the  measured  Qh  from 
a  copolymer  is 


Qh  =  Qhc  (vcn2(l 


vc)  _j_  Qh A  J- _ Uc 

Qhc  n2vc 


(3) 


where  n  =  Pq/ Pa  [27].  Based  on  the  fitting  of  the  experimen¬ 
tal  data  using  (2),  it  is  found  that  n  is  in  the  range  between 
7.5  to  9.5.  In  addition,  in  a  pyroelectric  study  of  PVDF,  it  was 
also  found  that  the  ratio  n  between  the  polarization  in  crys¬ 
tal  area  and  polarization  in  amorphous  is  about  7.5  [27,29]. 
Using  this  n  values,  it  is  easy  to  see  from  (3)  that  Qh  is 


Crystallinity  (vc) 

Fig.  8.  The  ratio  of  Qh/ Qhc  deduced  from  (3)  as  a  function  of  crystallinity 
vc  where  n  =  8  is  used.  The  three  curves  correspond  to  QhA/QhC  =0.5,  1, 
and  2,  respectively.  In  most  of  the  cases,  Qh/Qhc  >  1 
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larger  than  0hc  (as  illustrated  in  Fig.  8,  in  which  n  =  8  was 
used). 

23  X-ray  study  of  the  change  of  the  lattice  structure  with 
applied  electric  field 

For  the  copolymers,  X-ray  data  reveal  that  under  electron  ir¬ 
radiation,  the  X-ray  peak  intensity  from  the  normal  ferroelec¬ 
tric  phase  subsides  while  new  peaks  at  positions  near  the  cor¬ 
responding  paraelectric  phase  appear  [20,21,30].  Therefore, 
the  irradiated  copolymer  is  in  a  non-polar  phase  macroscop- 
ically,  analogous  to  that  in  the  ceramic  RFE  [1].  To  further 
understand  the  changes  in  the  irradiated  copolymers  under 
electric  field  ,  X-ray  diffraction  data  for  irradiated  copoly¬ 
mers  was  also  obtained  under  electric  field  for  series  of 
samples. 

Shown  in  Fig.  9  is  the  data  taken  from  the  copolymer 
68/32  irradiated  with  1-MeV  electrons  (Fig.  7  for  the  strain 
data).  Because  of  the  limitation  of  the  instrument,  the  max¬ 
imum  field  that  can  be  applied  to  the  samples  is  about 
lOOMV/m.  Before  the  field  is  applied,  the  peak  at  20  == 
18.58°  is  close  to  the  paraelectric  (200,  110)  peak  position 
for  this  copolymer  (non-polar  phase  peak)  and  for  this  sam¬ 
ple,  a  shoulder  at  20  =  19.34°  is  observed,  which  can  be 
from  the  residual  small  ferroelectric  region.  Under  a  field  of 
63  MV/m,  a  large  drop  can  be  observed  in  the  peak  inten¬ 
sity  for  the  non-polar  phase  peak  and  concomitantly,  a  broad 
peak  appears  at  20  =  19.36°,  close  to  the  (200,  110)  re¬ 
flection  of  the  ferroelectric  phase  in  the  unirradiated  sample 

19.5°)  [29].  As  the  field  is  increased  to  92.6  MV/m,  the 
intensity  of  the  high-angle  peak  (polar  phase  peak)  is  further 
increased  compared  with  the  non-polar  phase  peak.  Mean¬ 
while,  the  peak  position  of  the  polar  phase  also  shows  a  slight 
increase  with  field  and  under  92.6  MV/m  field,  the  peak  is  at 
20  =  19.48°.  Therefore,  the  data  reveal  that  the  changes  in¬ 
duced  in  the  copolymer  by  external  electric  fields  are  a  local 
phase  transformation  process. 

In  a  RFE  material,  the  polarization  can  be  from  the  re¬ 
orientation  of  the  polar  vector  and/or  the  local  phase  trans¬ 
formation  from  a  non-polar  to  a  polar  phase  [6,31].  In  the 
case  when  the  volume  content  of  the  local  polar  regions  is  low 
and  the  temperature  of  the  system  is  not  far  above  7f,  it  is 
expected  that  the  local  phase  transformation  will  play  a  ma¬ 
jor  role.  In  the  other  case,  the  polar  region  reorientation  may 
become  important  in  the  polarization  response.  For  the  irradi¬ 
ated  copolymers  studied  here,  the  X-ray  results  indicate  that 


Fig.  9.  X-ray  diffraction  patterns  measured  under  different  applied  elec¬ 
tric  fields:  (a)  E  =  0;  (b)  E  ~  63  MV/m;  and  (c)  E  =  92.6  MV/m  for  the 
copolymer  68/32  irradiated  at  105  °C  with  70Mrad  of  1-MeV  electrons 


at  the  field  range  studied,  the  observed  polarization  and  strain 
response  is  indeed  mainly  from  the  local  phase  transform¬ 
ation  from  a  non-polar  phase  to  a  polar  phase. 


3  Summary 

This  paper  presents  experimental  evidence  suggesting  that 
the  irradiated  P(VDF-TrFE)  copolymer  is  a  new  class  of  re- 
laxor  ferroelectric  material.  We  also  showed  that  the  irradi¬ 
ated  copolymer  can  generate  a  giant  electrostriction  (^  5%) 
with  a  high  elastic  energy  density.  Due  to  the  semicrystalline 
morphology,  we  showed  that  the  experimentally  determined 
electrostriction  coefficients  can  be  higher  than  those  from  the 
single-crystalline  region.  X-ray  data  measured  under  different 
dc  electric  fields  reveal  that  there  is  an  electric-field-induced 
local  phase  transformation  from  a  non-polar  to  a  polar  phase, 
which  is  responsible  for  the  observed  polarization  and  strain 
behaviors  in  the  irradiated  copolymers.  Taking  all  these  data 
together,  suggests  that  the  high-energy  electron  irradiation 
breaks  the  macro-polar  domains  in  the  normal  ferroelectric 
P(VDF-TrFE)  copolymer  into  local  nano-polar  regions  and 
external  fields  induce  local  phase  transformation  between 
non-polar  and  polar  phase,  which  results  in  a  slim  polar¬ 
ization  loop.  This  local  phase  transformation,  coupled  with 
a  large  lattice  strain  associated  with  this  phase  change,  gener¬ 
ates  the  giant  electrostriction  as  observed. 
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The  high-energy  electron  irradiated  poly(vinylidene  fluoride-trifluoroethylene),  P(VDF-TrFE),  copolymer 
exhibits  many  features  resembling  the  relaxor  ferroelectric  behavior.  In  polymer  systems,  there  are  local 
dipolar  motions  at  the  monomer  or  unit  cell  scale,  which  manifest  themselves  as  various  relaxation  processes. 

In  this  paper  we  investigate  the  relationship  between  the  relaxor  ferroelectric  behavior,  especially,  Vogel- 
Fulcher  (V-F)  behavior  and  these  local  dipolar  relaxation  processes  in  irradiated  P(VDF-TrFE)  65/35-moI  % 
copolymer.  In  order  to  cover  the  change  in  polarization  dynamics  of  the  copolymer  system,  the  dielectric 
behavior  of  copolymer  is  measured  over  a  broad  frequency  (0.01  Hz- 10  MHz)  and  temperature  (-*40  to  80  °C) 
range.  The  results  indicate  that  there  is  an  increased  coupling  among  the  local  dipolar  motions  with  reduced 
temperature  in  the  crystalline  region.  On  the  other  hand,  the  randomness  introduced  in  the  irradiation  prevents 
the  formation  of  a  polar  phase,  on  both  the  macroscale  and  the  microscale,  in  the  polymer.  The  observed 
relaxor  behavior  is  a  consequence  of  the  competition  of  these  two  effects.  The  results  further  show  that  the  V-F 
process  of  the  irradiated  copolymer  system  is  different  from  the  glass  transition,  which  occurs  in  the  amor¬ 
phous  phase  of  the  copolymer. 

DOI:  10.1 103/PhysRevB.63. 184103  PACS  number(s):  77.84.Jd,  77.22.Gm,  77.80.Bh,  77.90.+k 


L  INTRODUCTION 

Relaxor  ferroelectric  material  is  a  special  class  of  ferro¬ 
electric  materials  that  exhibits  a  diffused  (broad)  dielectric 
peak  and  that  the  dielectric  maximum  ( Tm )  is  found  to  shift 
towards  higher  temperature  with  frequency  and  follows  the 
Vogel-Fulcher  (V-F)  law.1"4  Macroscopically,  the  dielectric 
constant  peak  does  not  correspond  to  a  ferroelectric  transi¬ 
tion  and  under  zero  electric  field,  the  material  remains  in  a 
macroscopically  nonpolar  phase  even  at  a  temperature  far 
below  the  dielectric  constant  peak  temperature.1,2  On  the 
other  hand,  a  macroscopic  polar  phase  can  be  induced  at  a 
temperature  below  Tm  where  the  polarization  hysteresis  loop 
can  be  observed.  Over  the  past  several  decades,  there  has 
been  a  great  deal  of  effort  devoted  to  elucidate  the  funda¬ 
mental  mechanisms  and  microscopic  and  mesoscopic  pro¬ 
cesses  responsible  for  this  peculiar  phenomenon.1'6 

Recently,  we  reported  that  poly(vinylidene  fluoride- 
trifluoroethylene)  P(VDF-TrFE)  copolymers  after  high- 
energy  electrons  irradiation  show  many  features  resembling 
those  observed  in  relaxor  ferroelectric  systems.7'9  It  is  also 
interesting  to  note  that  all  the  relaxor  ferroelectric  phenom¬ 
enon  reported  earlier  was  observed  in  inorganic  systems. 
Here  the  relaxor  ferroelectric  behavior  was  observed  in  a 
polymer  system,  the  system  in  which  polarization  response  is 
directly  from  local  dipolar  motions. 

The  phase  diagram  of  P(VDF-TrFE)  copolymer  system  is 
shown  in  Fig.  1,  where  for  composition  range  with  VDF 
content  between  50  and  85  mol%,  a  ferroelectric- 
paraelectric  (F-P)  transition  is  observed  below  their  melting 
temperature.10"14  The  molecular  conformation  of  these  co¬ 
polymers  in  the  ferroelectric  phase  consists  of  the  all  trans 
planar  zigzag  chains  while  above  the  Curie  temperature,  this 
conformation  changes  to  random  sequences  of  trans  and 
gauche  bonds,  resulting  in  a  nonpolar  phase  (paraelectric 


phase).10"13  Presented  in  Fig.  2  is  the  dielectric  data  as  a 
function  of  temperature  for  unirradiated  P(VDF-TrFE)  65/ 
35-mol  %  copolymer  measured  as  the  sample  is  heated  from 
“40  to  120  °C.  The  two  dielectric  relaxation  processes 
(peaks)  are  observed  in  this  temperature  range.  The  peak  at 
105  °C,  which  is  related  to  the  a-relaxation  process,  appears 
to  be  due  to  the  transition  in  crystalline  region  from  all-trans 
ferroelectric  phase  to  distorted  trans-gauche  paraelectric 
phase.11,12  Early  studies  have  shown  that  the  a-relaxation 
process  is  associated  with  the  local  dipolar  motions  in  the 
crystalline  region.11,12,15  Due  to  semicrystalline  morphology 
of  copolymer,  the  broad  dielectric-loss  peak  at  a  temperature 
near  —  20  °C  is  from  the  glass  transition  in  the  amorphous 
region,  i.e.,  from  a  glassy  state  to  rubbery  state  and  known  as 
yg-relaxation  process.12,15  However,  for  the  /^-relaxation  pro¬ 
cess  the  real  part  of  the  dielectric  constant  does  not  show  any 
significant  anomality  indicating  that  the  molecular  motions 
associated  with  this  process  is  only  weakly  polar  in  nature. 


FIG.  1 .  The  phase  diagram  for  VDF/TrFe  copolymer  system.  Tc 
denotes  the  F-P  transition  and  Tm  is  the  melting  transition. 
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FIG.  2.  The  dielectric  constant  (solid  line:  real  part  and  broken 
line:  imaginary  part)  measured  at  1  kHz  as  a  function  of  tempera¬ 
ture  for  the  nonirradiated  stretched  film  of  P(VDF-TrFE)  65/35 
mol  %  copolymer. 

In  this  paper,  we  investigate  the  change  in  these  relaxation 
processes  as  a  consequence  of  high-energy  electron  irradia¬ 
tion.  We  will  examine  the  relationship  between  these  local 
relaxation  processes,  which  occur  at  the  monomer  or  unit 
cell  scale  and  sensitive  to  changes  in  the  local  environment 
and  conformation  of  the  polymer  chain,  and  the  relaxor 
ferroelectric  behavior,  which  could  involve  system  response 
in  the  mesoscopic  scale,  observed  in  these  copolymers. 
Hence,  through  this  investigation,  we  can  gain  a  microscopic 
and  mesoscopic-scale  understanding  on  the  relaxor  ferroelec¬ 
tric  behavior  in  this  class  of  material. 

H.  EXPERIMENT 

P(VDF-TrFE)  65/35-mol  %  copolymer,  supplied  by 
Solvay  and  Cie,  Bruxelles,  was  chosen  for  this  study  because 
the  copolymer  films  of  this  composition,  after  having  been 
mechanically  stretched  and  high-energy  electron  irradiated, 
display  relaxor  ferroelectric  behavior.  The  N,A-dimethyl  for- 
mamide  solvent  was  used  to  cast  unstretched  films.  The 
stretched  films  of  thickness  —25-30  /im  were  prepared  by 
uniaxially  stretching  the  solution  cast  films  by  five  times  the 
original  length.  In  order  to  improve  the  crystallinity,  these 
films  were  annealed  at  140  °C  for  16  h.  The  electron  irradia¬ 
tion  was  carried  out  in  a  nitrogen  atmosphere  with  2.55-MeV 
electrons  at  95  °C  for  several  irradiation  doses  ranging  from 
40  to  100  Mrad  where  the  copolymer  exhibits  relaxor  ferro¬ 
electric  behavior. 

The  temperature  and  frequency  dependence  of  the  dielec¬ 
tric  constant  was  carried  out  using  dielectric  analyzers  (DEA 
2970,  TA  instrument)  in  the  frequency  range  from  0.01  Hz  to 
100  kHz  and  impedance  analyzer  (HP4274A)  from  I  kHz  to 
10  MHz.  The  samples  were  first  heated  up  to  100  °C  and 
then  the  dielectric  measurements  were  performed  for  the 
cooling  cycle  in  the  temperature  interval  of  100  to  —40  °C. 
Although  a  large  thermal  hysteresis,  i.e.,  the  difference  in  the 
dielectric  constant  and  dielectric  peak  temperature  between 
the  heating  and  cooling  cycles,  was  observed  for  nonirradi¬ 
ated  copolymer  films,  for  all  the  irradiated  copolymer  films 


T(°C) 

FIG.  3.  The  change  in  dielectric  constant  (a)  real  part,  (b)  imagi¬ 
nary  part  measured  at  1  kHz  as  a  function  of  temperature  for 
P(VDF-TrFE)  65/35-mol  %  copolymer  stretched  films,  irradiated  at 
95  °C  with  different  irradiation  doses. 

there  is  little  thermal  hysteresis  observed  in  the  dielectric 
data.  To  avoid  the  moisture  that  could  affect  the  low- 
frequency  dielectric-loss  data,  all  these  measurements  were 
performed  in  a  nitrogen  environment.  Copolymer  films  used 
for  these  measurements  were  sputtered  with  gold  electrodes 
on  both  surfaces. 

III.  RESULTS  AND  DISCUSSION 

Figure  3  illustrates  the  dielectric  constant  data  measured 
at  1  kHz  for  the  copolymer  films  irradiated  with  different 
doses.  All  these  copolymers  exhibit  a  broad  dielectric  con¬ 
stant  peak  around  room  temperature,  which  is  below  the  F-P 
transition  temperature  of  the  nonirradiated  film.  As  has  been 
shown  in  early  studies,  the  broad  dielectric  peak  observed 
here  is  not  linked  to  any  macroscopic  structural  changes  in 
the  copolymer  system  when  there  is  no  external  high  electric 
field.8,16  In  contrast  to  nonirradiated  copolymer,  where  the 
peak  of  the  real  and  imaginary  part  of  the  dielectric  constant 
at  the  F-P  transition  appears  at  nearly  the  same  temperature 
and  also  does  not  change  with  frequency,  the  imaginary  di- 
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FIG.  4.  (a)  The  dielectric  constant  (solid  lines:  real  part;  broken 
lines:  imaginary  part)  as  a  function  of  temperature  measured  at 
different  frequencies  (30  Hz,  100  Hz,  300  Hz,  1  kHz,  3  kHz,  10 
kHz,  30  kHz;  and  100  kHz)  for  P(VDF-TrFE)  65/35-mol  %  copoly¬ 
mer  stretched  films,  irradiated  at  95  °C  with  60-Mrad  dose,  and  (b) 
fitting  ofV-F  law  for  the  data  presented  in  (a),  where  the  circles  are 
the  data  points  (peak  of  the  real  part  of  the  dielectric  constant)  and 
solid  line  is  the  fitting. 

electric  constant  peak  of  the  irradiated  copolymer  is  mark¬ 
edly  below  the  peak  of  the  real  part  of  the  dielectric  constant 
[Fig.  4(a)  for  the  copolymer  irradiated  with  60  Mrad],  and 
the  relationship  between  the  peak  temperature  Tm  (of  the  real 
part  of  the  dielectric  constant)  and  measuring  frequency /can 
be  well  fitted  with  V-F  law17  as  shown  in  Fig.  4(b): 


/=/o  exp 


-U 

W^Tf) 


(1) 


where  k  is  the  Boltzman  constant,  Tf  has  been  regarded  as  a 
freezing  temperature  for  a  polar  glass  system  and  U  is  a 
constant  (activation  energy).2,4  As  has  been  observed  from 
early  studies,  Tf  in  the  irradiated  copolymer  coincides  with 
the  depolarization  temperature,  which  is  a  temperature  where 
the  poled  copolymer  loses  its  remanent  polarization  as  the 
temperature  is  raised.8 


f  (Hz) 


f  (Hz) 

FIG.  5.  The  frequency  dependence  of  the  dielectric  constant  (a) 
real  part  and  (b)  imaginary  part  measured  at  temperature  range  be¬ 
tween  20  and  80  °C  for  the  P(VDF-TrFE)  65/35-mol  %  copolymer 
films  irradiated  with  40-Mrad  dose.  Solid  curves  are  the  data,  and 
the  symbols  indicate  the  measuring  temperatures. 

We  now  turn  to  the  discussion  of  the  dielectric  relaxation 
processes  in  the  irradiated  copolymers.  Presented  in  Figs. 
5(a)  and  5(b)  are  the  dielectric  dispersion  data  from  the  a 
relaxation  for  the  irradiated  copolymer  film  (40-Mrad  dose) 
at  temperatures  around  Tf  of  Eq.  (1).  The  data  for  all  nonir- 
radiated  and  irradiated  copolymers  studied,  are  fitted  with  the 
modified  Cole-Cole  equation:15 

e(w)=e(“)+TT^’  (2) 

where  s  =  s'  -je'\  Ae  is  the  dielectric  relaxation  strength,  r 
is  the  average  relaxation  time,  and  8 is  the  parameter  describ¬ 
ing  the  distribution  of  the  relaxation  time  in  the  system. 
When  8  is  equal  to  1,  the  relaxation  is  monodispersive.  A 
decrease  in  lvalue  from  1  indicates  the  broad  distribution  of 
relaxation  times  in  the  system.15 

The  peak  of  e"  of  Eq.  (2)  is  at  wr=  1  and  fitting  of  the 
data  yields  r.  To  facilitate  the  fitting  to  obtain  Ae  and  & ,  Eq. 
(2)  is  converted  to 


184103-3 


VIVEK  BHARTI  AND  Q.  M.  ZHANG 


PHYSICAL  REVIEW  B  63  184103 


+(e"+^cot(^7r/2)J  =  (^csc(<5ir/2)J  , 

which  represents  a  circle  with  center  at  (Ae/2, 
“  ( A  e /2)  cot( <$7t/2) )  and  radius  of  (Ae/2)csc(^7r/2).  The  fit¬ 
ting  results  of  the  a-relaxation  process  are  summarized  in 
Fig.  6.  One  of  the  salient  features  of  the  results  is  that  the 
dielectric  relaxation  strength  Ae  exhibits  a  broad  peak  at 
temperatures  near  the  corresponding  Tf  for  all  the  irradiated 
copolymers  studied,  while  on  the  other  hand,  there  is  no 
anomalous  change  in  the  relaxation  time  with  temperature 
[Figs.  6(a)  and  6(b)].  In  addition,  8  decreases  as  the  tempera¬ 
ture  is  reduced,  suggesting  a  broadening  of  the  relaxation 
time  distribution  with  reduced  temperature.  Figure  6(a)  also 
reveals  that  Tf  initially  decreases  with  increased  irradiation 
dose,  which  reflects  the  decrease  of  the  polar  ordering  with 
dosage.  However,  Tf  for  the  copolymers  irradiated  with  80- 
Mrad  and  100-Mrad  electrons  is  higher  than  that  with  60- 
Mrad  dose.  This  behavior  is  a  result  of  the  increased 
crosslinking  density  with  dosage.16  As  shown  in  an  early 
study,  at  doses  higher  than  60  Mrad,  the  increased  crosslink¬ 
ing  density  leads  to  the  reduction  of  the  interchain  spacing, 
which  favors  a  less  random  conformation  and  hence,  raises 
Tf  slightly.16 

For  the  comparison,  the  dielectric  relaxation  data  for  the 
a-relaxation  process  of  nonirradiated  copolymer  films  were 
measured  at  several  temperatures  (as  the  copolymer  was 
heated  from  low  to  high  temperature).  Ae  and  r  are  also 
fitted  and  plotted  in  Fig.  6,  where  anomalous  changes  in  both 
Ae  and  r  are  observed  at  the  temperature  of  F-P 
transition.12,13  In  the  nonirradiated  copolymer,  the  peak  in 
the  dielectric  relaxation  strength  Ae  is  due  to  the  increased 
long-range  coupling  between  the  chain  segment  motions  in 
the  crystalline  region  with  reduced  temperature,  which  leads 
to  the  transformation  to  the  low-temperature  polar  phase.12 
Because  of  this  phase  transition,  there  is  also  a  change  in  the 
relaxation  time,  due  to  the  change  in  the  chain  conformation 
between  the  all-trans  conformation  in  the  ferroelectric  phase 
and  the  random  trans-gauche  conformation  in  the  paraelec- 
tric  phase.  The  local  chain-segment  motions  are  a  thermally 
activated  process  and  hence  are  described  by  the  Arrhenius 
law,15  r=  tq  exp(,4//:7).  In  the  nonirradiated  copolymer,  it  is 
expected  that  the  activation  energy  A  at  temperatures  below 
the  F-P  transition  is  different  from  that  above  the  transition, 
reflecting  the  change  in  the  molecular  conformation  due  to 
the  transition.18,19 

In  analogy  to  the  nonirradiated  copolymer,  the  observed 
peak  in  Ae  for  the  a-relaxation  process  near  Tf  suggests  an 
increased  coupling  among  the  local  dipoles  with  reduced 
temperature.  On  the  other  hand,  there  is  no  transformation  to 
a  polar  phase,  both  on  the  macroscopic  scale  and  the  micro¬ 
scopic  scale,  when  the  temperature  is  lowered  to  below  Tf  as 
indicated  by  the  data  of  the  relaxation  time  r,  which  is  sen¬ 
sitive  to  the  local  phase  and  conformation  changes.  Combin¬ 
ing  these  two  results  suggests  that  the  defects  introduced  by 
the  irradiation,  such  as  crosslinkings  and  formation  of  side 
groups,  prevent  the  development  of  the  macroscopic  polar 
ordering  in  the  crystalline  region.  Because  of  the  random 
trans-gauche  conformation  in  the  irradiated  copolymer  in  all 


T(°C) 


FIG.  6.  The  change  of  parameters  obtained  from  the  fitting 
of  Eq.  (2)  as  a  function  of  temperature,  (a)  Dielectric  relaxation 
strength  Ae  with  temperature,  (b)  logarithms  of  the  relaxation  times 
r  as  a  function  of  \/T:  the  dashed  lines  are  the  extrapolation  show¬ 
ing  that  at  the  melting  temperature  (165  °C),  r  is  the  same  for 
the  nonirradiated  and  irradiated  copolymers,  (c)  8  with  temperature. 
In  the  figure,  the  corresponding  Tf  of  the  V-F  law  is  also  indicated. 
Data  points  are  shown  and  solid  curves  are  drawn  to  guide  the  eye. 
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TABLE  I.  Activation  energy  calculated  from  Arrhenius  law 
[Fig.  6(a)]. 


Irradiation  dose 

Activation  energy  (A) 
calculated  from  Arrhenius 
fitting  (eV) 

Nonirradiated 

0.19 

40  Mrad 

0.32 

60  Mrad 

0.31 

80  Mrad 

0.30 

100  Mrad 

0.29 

the  temperature  range  studied  here,  the  activation  energy  of 
the  a-process  in  the  irradiated  copolymer  is  higher  than  that 
of  the  nonirradiated  copolymer  in  the  ferroelectric  phase  as 
shown  in  Fig.  6(b).  The  activation  energy  A  obtained  from 
the  slope  of  the  Fig.  6(b)  is  summarized  in  Table  I.  For  all 
the  irradiated  copolymers,  the  activation  energy  is  about  0.3 
eV  and  for  nonirradiated  copolymer,  it  is  about  0.19  eV. 

At  this  point,  it  is  interesting  to  compare  the  results  here 
with  the  dielectric  behavior  of  a  Debye  relaxation  system 
with  a  broad  relaxation  spectrum  g(T,T)  and  also  with  those 
of  Pb(Mgl/3Nb2/3)03  (PMN),  the  best-known  relaxor  ferro¬ 
electric  system  in  inorganic  systems.  For  such  a  system,  the 
dielectric  constant  can  be  represented  as  a  superposition  of 
Debye  relaxors  with  a  relaxation  distribution  g(r,r),3,15 

f“  d(lnr) 

£*(r)-‘»(r)J.(w^)*<T’r)'  (3) 

which  yields  the  real  and  imaginary  part  of  dielectric  con¬ 
stant: 


er(<o 


.n-HTl 


d(ln  r) 


+  (a>r) 


lg(r,T), 


(4a) 


3456734567 


log  (f)  log  (f) 

FIG.  7.  Comparison  of  the  calculated  (cross)  and  measured  (tri¬ 
angle)  values  of  imaginary  part  of  the  dielectric  constant  of  the 
copolymer  films  irradiated  with  40-Mrad  dose.  Solid  lines  are 
drawn  to  guide  the  eye. 


FIG.  8.  The  frequency  dependence  (low  frequencies)  of  the  (a) 
dielectric  constant,  and  (b)  dielectric  loss  measured  at  temperatures 
between  -30  and  0°C  for  the  P(VDF-TrFE)  65/35-mol%  copoly¬ 
mer  films  irradiated  with  40-Mrad  dose.  Solid  lines  are  the  data,  and 
the  symbols  indicate  the  temperatures. 

f00  d{(x)r) 

s"(w,T)  =  e0(T)  jo  ^1+-^7yg(r,r).  (4b) 

In  the  limit  of  broad  spectrum,  the  relation  between  the 
real  and  imaginary  part  of  dielectric  constant  can  also  be 
described  as2a 


de'((o) 


(5) 


Figure  7  is  a  comparison  of  the  directly  measured  e"  with 
that  evaluated  using  Eq.  (5),  which  shows  a  good  agreement 
between  the  two  sets  of  data,  indicating  a  broad  relaxation 
distribution  in  the  system.  Similar  behavior  has  also  been 
observed  in  PMN  system,3  hence  showing  the  close  resem¬ 
blance  in  the  broad  relaxation  time  distribution  between  the 
two  systems. 
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FIG.  9.  The  change  of  logarithms  of  relaxation  time  r  obtained 
from  Cole-Cole  fitting  from  the  data  in  Figs.  5  and  8  with  tempera¬ 
ture  for  P(VDF-TrFE)  65/35-mol  %  copolymer  films  irradiated  with 
40-Mrad  dose.  Solid  curves  are  drawn  to  guide  the  eye. 

The  ^-relaxation  process,  which  is  attributed  to  the  micro- 
Brownian  motion  of  noncrystalline  segments,  is  also 
characterized.12-15  Presented  in  Fig.  8  is  the  frequency  depen¬ 
dence  of  the  real  and  imaginary  part  of  the  dielectric  constant 
(s'  and  e")  measured  in  the  frequency  region  from  0.01  Hz 
to  10  kHz  and  in  the  temperature  range  of  —40  to  20  °C  of 
the  copolymer  films  irradiated  with  40-Mrad  dose.  All  the 
dispersion  curves  can  be  well  fitted  with  Cole-Cole  function 
with  two  relaxation  processes.  As  shown  in  Fig.  9,  where  the 
change  in  log(r)  obtained  from  fitting  were  plotted  against 
l/T,  there  are  two  types  of  relaxation  dispersion  comprising 
the  low-temperature  dielectric  data  that  have  different  tem¬ 
perature  dependency,  one  is  WLF-type  (Williams,  Landel, 


and  Ferry),  appears  due  to  the  glass  transition  in  the  amor¬ 
phous  region,  where  the  relaxation  time  drastically  increases 
approaching  Tg,  and  another  is  Arrhenius-type  due  to  the 
local  dipolar  motions  in  the  crystalline  region.11,12  It  is  clear 
here  that  the  V-F  relaxation  process  that  appears  at  tempera¬ 
ture  far  above  Tg,  is  a  separate  process  and  does  not  bear 
any  correlation  with  the  glassy  nature  of  the  copolymer  sys¬ 
tem  that  appears  below  glass  transition  temperature  (Tg). 

IV.  SUMMARY 

By  examining  the  relationship  between  the  relaxor  ferro¬ 
electric  behavior,  and  especially,  the  V-F  behavior  and  local 
dipolar  responses  in  the  irradiated  copolymers,  we  show  the 
following: 

There  is  an  increased  coupling  among  the  local  dipoles  in 
the  crystalline  region  as  the  temperature  is  reduced.  How¬ 
ever,  due  to  the  randomness  of  the  defect  structure  intro¬ 
duced  in  the  irradiation  process,  there  is  no  anomalous 
change  in  the  relaxation  time  of  the  a-process  at  tempera¬ 
tures  near  Ty.  This  plus  the  high  activation  energy  of  the 
Arrhenius-type  activation  process  indicate  that  the  irradiated 
copolymer  system  remains  in  a  nonpolar  phase  and  there  is 
no  local  polar  region  developed  as  the  temperature  is  re¬ 
duced.  Those  competing  effects  plus  the  broad  relaxation 
time  distribution  could  be  responsible  for  the  observed  re¬ 
laxor  ferroelectric  behavior  in  the  irradiated  P(VDF-TrFE) 
copolymer. 
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Abstract 

High  energy  electron  (1.0-2.55  MeV)  irradiation  was  used  to  modify  the  phase  transitional  behavior  of  poly(vinylidene  fluoride- 
trifluoroethylene)  (P(VDF-TrFE))  copolymers  in  an  attempt  to  significantly  improve  the  electromechanical  properties  of  the  copolymers.  It 
is  found  that  the  copolymers  under  a  proper  irradiation  treatment  exhibit  very  little  room  temperature  polarization  hysteresis  and  very  large 
electrostrictive  strain  (the  longitudinal  strain  of  -5%  can  be  achieved).  Because  of  the  large  anisotropy  in  the  strain  responses  along  and 
perpendicular  to  the  polymer  chain,  the  transverse  strain  can  be  tuned  over  a  broad  range  by  varying  the  film  stretching  condition.  For 
unstretched  films,  the  magnitude  of  transverse  strain  is  approximately  about/less  than  1/3  of  that  of  the  longitudinal  strain,  and  for  stretched 
films,  the  transverse  strain  along  the  stretching  direction  is  comparable  to  the  longitudinal  strain.  In  addition  to  the  high  strain  response,  the 
irradiated  copolymers  also  possess  high  elastic  energy  density  and  mechanical  load  capability  as  indicated  by  the  relatively  high  elastic 
modulus  of  the  copolymer  and  the  high  strain  response  of  the  transverse  strain  even  under  40  MPa  tensile  stress.  The  high  strain  and  high 
elastic  modulus  of  the  irradiated  copolymer  also  result  in  an  improved  electromechanical  coupling  factor  where  the  transverse  coupling 
factor  of  0.45  has  been  observed.  The  frequency  dependence  of  the  strain  response  was  also  characterized  up  to  near  100  kHz  and  the  results 
show  that  the  high  electromechanical  response  can  be  maintained  to  high  frequencies.  Several  unimorph  actuators  were  fabricated  using  the 
modified  copolymer  and  the  test  results  demonstrate  high  performance  of  the  devices  due  to  the  high  strain  and  high  load  capability  of  the 
material.  ©  2001  Published  by  Elsevier  Science  B.V. 

Keywords:  Actuator;  Electrostriction;  P(VDF-TrFE);  Phase  transformation;  Irradiation 


1.  Introduction 

Electroactive  polymers  (EAP),  which  change  shape  as  an 
electric  field  is  applied,  can  be  used  in  many  areas,  such  as 
artificial  muscles  and  organs,  smart  materials  for  vibration 
and  noise  control,  electromechanical  actuators  and  sensors 
for  robots,  acoustic  transducers  used  for  underwater  naviga¬ 
tion  and  medical  imaging,  and  fluid  pumps  and  valves 
[1-10].  The  function  of  the  EAP  in  these  applications  is 
to  perform  energy  conversion  between  the  electrical  and 
mechanical  forms.  Compared  with  piezoceramic  and 
magnetostrictive  actuator  materials,  polymers  have  many 
advantages,  such  as  flexibility,  easy  processing,  light  weight, 
and  low  cost.  Polymeric  materials  can  also  withstand  a 
large  dimensional  change  (strain)  without  fatigue  and  are 
quite  robust.  On  the  other  hand,  the  traditional  piezoelectric 
EAPs  suffer  low  strain,  low  elastic  energy  density,  and  low 
electromechanical  conversion  efficiency,  which  limit  their 
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applications  in  comparison  with  the  piezoelectric  ceramics 
[1,2].  Hence,  one  of  the  challenges  in  the  development  and 
utilization  of  EAPs  for  a  wide  range  of  applications  is  how 
to  significantly  increase  and  improve  the  electromechanical 
responses  so  that  to  achieve  high  strain  capability,  high 
elastic  power  density,  and  high  electromechanical  conver¬ 
sion  efficiency.  In  recent  years,  there  has  been  a  great  deal 
of  effort  put  forth  to  explore  different  new  approaches  to 
improve  the  performance  of  existing  polymers  and/or  to 
develop  high  performance  polymers  [3,6,1 1-13].  The  recent 
work  on  high  energy  electron  irradiated  poly(vinylidene 
fluoride-trifluoroethylene)  (P(VDF-TrFE))  copolymer, 
which  exhibits  very  high  electrostrictive  strain  with  high 
elastic  modulus  and  high  load  capability  [11,14—16],  is  one 
of  the  advances  made  in  this  field. 

In  order  to  provide  understanding  on  the  basic  mechanism 
underlying  the  high  electrostrictive  responses  in  irradiated 
P(VDF-TrFE)  copolymers,  in  this  paper,  we  will  first  review 
briefly  several  unique  features  associated  with  ferroelectric- 
paraelectric  (F-P)  phase  transition,  which  can  be  made  use 
of  in  developing  high  performance  EAPs.  Then,  the  electro¬ 
mechanical  responses  of  this  newly  developed  polymer  will 
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be  presented  including  the  strain  responses,  electromecha¬ 
nical  coupling  factor,  load  capability,  and  frequency  depen¬ 
dence  behavior  of  the  strain  response.  To  demonstrate  the 
performance  of  this  class  of  material,  several  unimorph 
actuators  were  fabricated  and  test  results  will  also  be 
discussed. 


2.  Ferroelectric-paraelectric  phase  transformation  in 
P(VDF-TrFE)  copolymers 

In  this  section,  we  will  review  several  unique  phenomena 
associated  with  F-P  phase  transformation,  especially  in 
P(VDF-TrFE)  copolymers.  In  many  polymeric  materials, 
it  is  well  known  that  there  are  large  strain  changes  associated 
with  transformation  from  one  phase  to  another.  For  P( VDF- 
TrFE)  copolymers,  large  lattice  strains  have  been  detected 
when  the  copolymer  goes  from  the  low-temperature  (LT) 
ferroelectric  phase  to  the  high-temperature  (HT)  paraelectric 
phase.  Presented  in  Fig.  1  is  the  X-ray  data  on  the  lattice 
strain  along  the  polymer  chain  direction  ((0  0  1)  reflection) 
and  perpendicular  to  the  chain  ((2  0  0,  1  1  0)  reflections)  for 
the  copolymer  of  65/35  mol%  [17].  As  revealed  by  the  data, 
for  this  copolymer  there  is  a  lattice  strain  of  —10  and  7%  in 
the  crystalline  phase  along  and  perpendicular  to  the  polymer 
chain,  respectively,  as  the  copolymer  goes  through  the  phase 
transition.  Therefore,  for  a  highly  aligned  copolymer  with  a 
high  crystallinity  (>50%  crystallinity),  these  strains  can  be 
translated  to  large  macroscopic  strains.  Indeed,  a  thermal 
strain  of  more  than  6%  has  been  observed  on  a  65/35 
copolymer  when  going  through  the  phase  transition  [18]. 
In  addition,  for  a  ferroelectric  polymer,  the  phase  transfor¬ 
mation  can  be  controlled  by  an  external  field  (both  electric 
and  mechanical),  and  hence,  it  is  expected  that  a  high  field 
induced  strain  can  be  achieved  in  P(VDF-TrFE)  copolymer 
by  exploiting  the  lattice  strain  at  F-P  transformation. 

Another  interesting  feature  associated  with  the  F-P  tran¬ 
sition  is  that  there  is  a  possibility  of  a  very  large  electro¬ 
mechanical  coupling  factor  (k  ~  1)  being  obtained  near  a 
first  order  F-P  transition  temperature.  As  shown  by  an 


Fig.  1.  Lattice  strains  along  (001)  and  (2  0  0,  1  10),  respectively, 
obtained  from  X-ray  data  for  P(VDF-TrFE)  65/35  mol%  copolymer. 


Temperature  (C) 


Fig.  2.  Electromechanical  coupling  factor  (fc33)  as  a  function  of 
temperature  for  a  material  with  a  first  order  F-P  phase  transition  under 
different  dc  bias  fields  (£).  The  results  are  calculated  based  on  Landau- 
Devonshire  theory  using  the  parameter  obtained  on  BaTi03. 

earlier  study  based  on  phenomenological  theory,  in  a  ferro¬ 
electric  single  crystal  at  temperatures  above  the  transition 
where  a  polar-state  can  be  induced  by  external  dc  bias  fields, 
the  coupling  factor  can  approach  1  (near  100%  energy 
conversion  efficiency)  [19].  That  result  is  presented  in 
Fig.  2  where  the  parameters  used  for  the  phenomenological 
formula  are  those  from  the  ferroelectric  BaTi03  single 
crystal,  a  typical  ferroelectric  material.  This  is  a  general 
result  for  the  first  order  F-P  phase  transformation  in  spite  of 
the  fact  that  the  curves  in  Fig.  2  are  from  the  parameters  of 
BaTi03.  For  P(VDF-TrFE)  copolymers,  it  has  been  shown 
that  at  compositions  with  VDF  content  >60%,  the  F-P 
transition  is  first  order  in  nature  [20].  The  temperature  range 
in  which  the  electric  field  can  induce  the  phase  transition 
from  non-polar  to  polar  phases  depends  strongly  on  the 
material.  For  most  of  the  inorganic  ferroelectrics,  this 
temperature  range  is  relatively  narrow.  For  instance,  the 
range  is  about  8°C  for  BaTi03  (as  approximately  measured 
by  the  temperature  range  between  F-P  transition  and  critical 
temperature)  [21].  For  P(VDF-TrFE)  copolymers,  it  has 
been  found  that  this  temperature  range  is  relatively  large 
as  reported  by  a  recent  study  on  Langmuir-Blodgett  film  of 
P(VDF-TrFE)  70/30  mol%,  where  this  temperature  range  is 
observed  to  be  more  than  50°C  [22]. 

All  these  results  indicate  that  one  may  be  able  to  improve 
the  electromechanical  response  of  P(VDF-TrFE)  copolymer 
significantly  by  operating  the  polymer  near  the  F-P  transi¬ 
tion.  However,  there  are  several  issues  associated  with  the 
first  order  F-P  transition  in  P(VDF-TrFE)  copolymer  that 
have  to  be  addressed.  As  has  been  shown  in  the  phase 
diagram  (Fig.  3),  F-P  transition  in  all  P(VDF-TrFE)  com¬ 
positions  occurs  at  temperatures  higher  than  room  tempera¬ 
ture  and  the  transition  is  relatively  sharp  (over  a  relatively 
narrow  temperature  range).  In  addition,  large  hysteresis  has 
been  observed  for  the  copolymers  at  the  first  order  F-P 
transition,  which  is  a  basic  feature  for  this  type  of  transition. 
A  large  hysteresis  is  not  desirable  for  practical  applications. 


140 


Z.~Y.  Cheng  et  al./ Sensors  and  Actuators  A  90  (2001)  1 38-147 


Fig.  3.  Phase  diagram  of  P(VDF-TrFE)  copolymer.  Where  Tm  and  Tc 
are  the  melting  temperature  and  F-P  phase  transition  temperatures, 
respectively. 

Therefore,  to  make  use  of  the  unique  opportunities  near  the 
first  order  F-P  transition  in  P(VDF-TrFE)  copolymer  sys¬ 
tems,  the  copolymer  should  be  modified  as  to  broaden  the 
phase  transition  region,  move  it  to  room  temperature,  and 
minimize  the  hysteresis. 

3.  Electromechanical  properties  of  high  energy  electron 
irradiated  P(VDF-TrFE)  copolymer 

In  polymeric  materials,  high  energy  electron  irradiation 
has  been  widely  used  to  modify  polymer  properties.  In 
P(VDF-TrFE)  copolymers,  Lovinger  found  that  by  using 
high  energy  electron  irradiation,  the  ferroelectric  phase  at 
room  temperature  can  be  converted  into  a  macroscopically 
paraelectric  like  phase  [23].  Subsequent  studies  by  Odajima 
et  al.  and  Daudin  et  al.  also  found  that  a  sharp  dielectric 
constant  peak  from  the  F-P  transition  can  be  broadened 
markedly  and  moved  to  near  room  temperature  [24,25]. 
Inspired  by  these  early  results,  we  carried  out  investigations 
on  the  electromechanical  response  of  high  energy  electron 
irradiated  P(VDF-TrFE)  copolymers  and  the  results  show 
that  indeed,  the  polarization  hysteresis  can  be  eliminated  and 
copolymer  with  very  high  electrostrictive  responses  can  be 
achieved. 

3.7.  Experimental 

The  P(VDF-TrFE)  copolymer  powders  with  a  weight 
averaged  mean  molecular  weight  of  200,000  were  purchased 
from  Solvay  and  Cie,  Bruxelles,  Belgium.  Two  types  of 
films  are  used  in  this  investigation,  stretched  and  unstretched 
films.  In  unstretched  films,  the  films  prepared  were  annealed 
at  140°C  for  a  time  period  between  12-14  h  to  improve  the 
crystallinity.  In  stretched  films,  films  made  from  solution 
cast  or  quenched  from  melt  press  were  uniaxially  stretched 
up  to  five  times  at  a  temperature  between  25  and  50°C. 
Afterwards,  these  films  were  also  annealed  at  140°C  for 
12-14  h  to  increase  the  crystallinity.  The  irradiation  was 
carried  out  at  nitrogen  or  argon  atmosphere  at  different 
temperatures  from  room  temperature  to  120°C.  Three 


electron  energies  were  used  in  the  irradiation:  1,  1.2,  and 
2.55  MeV.  It  was  found  that  among  the  electron  energies 
used,  the  irradiation  with  lower  electron  energy  yields  better 
electromechanical  performance  in  the  copolymers. 

The  elastic  modulus  of  films  was  measured  using  a 
dynamic  mechanical  analyzer  (TA  Instrument,  DMA  model 
2980).  Gold  electrodes  with  a  thickness  of  about  40  nm  were 
sputtered  on  both  surfaces  of  the  film  for  the  electric  and 
electromechanical  characterizations.  The  field  induced  long¬ 
itudinal  strain  was  measured  using  a  bimorph-based  set-up 

[26] .  The  transverse  strain  was  acquired  using  a  newly 
developed  set-up  specially  designed  for  flexible  films 

[27] .  An  optical  interferometer  was  applied  to  characterize 
the  longitudinal  strain  response  at  high  frequencies.  An  HP 
4 194 A  impedance  analyzer  was  used  to  characterize  the 
resonance  behavior  of  the  films  under  dc  electric  bias  field. 

Copolymers  in  the  composition  range  with  VDF  content 
between  50  and  80  mol%  were  chosen  for  the  investigation. 
In  the  experiment,  it  was  found  that  there  are  two  competing 
factors  affecting  the  selection  of  the  copolymers.  On  one 
hand,  for  copolymers  in  this  composition  range,  the  ferroe- 
lectricity  becomes  stronger  with  the  VDF  content  as  indi¬ 
cated  by  higher  F-P  transition  temperature  and  increased 
coercive  field  for  copolymers  with  higher  VDF  content.  As  a 
result,  it  becomes  progressively  more  difficult  to  eliminate 
the  polarization  hysteresis  and  generate  electrostrictive 
strain  using  the  irradiation  approach  here  for  copolymers 
with  high  VDF  content.  In  fact,  for  copolymers  with  VDF 
content  higher  than  70  mol%,  it  becomes  very  difficult  to 
convert  the  copolymer  into  an  electrostrictive  material  with 
small  hysteresis  at  room  temperature  using  the  high  energy 
electron  irradiation  [28].  On  the  other  hand,  the  lattice 
strains  associated  F-P  transition  increase  with  the  VDF 
content,  implying  a  high  induced  strain  response  for  copo¬ 
lymers  with  high  VDF  content  [29].  As  a  compromise, 
therefore,  in  this  paper,  we  focus  on  P(VDF-TrFE)  copoly¬ 
mers  with  65/35  and  68/32  mol%  ratio. 

Presented  in  Fig.  4  are  polarization  loops  measured  at 
room  temperature  at  10  Hz  for  65/35  unstretched  copolymer 
film  before  and  after  irradiation.  For  the  unirradiated  film,  a 
typical  polarization  hysteresis  loop  was  observed  due  to  the 
high  nucleation  barrier  when  switching  polarization  from 


Fig.  4.  Polarization  loop  for  P(VDF-TrFE)  65/35  mol%  film  before  and 
after  irradiation. 
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the  coherent  macroscopic  polar  domains.  After  irradiation 
with  60  Mrad  dose  at  120°C,  the  polarization  hysteresis  is 
significantly  reduced  and  the  loop  becomes  quite  slim  due  to 
the  breaking  up  of  macroscopic  coherent  polar  domains  to 
microscopic  polar  regions.  The  results  indicate  that  the  high 
energy  irradiation  is  quite  effective  in  eliminating  the  polar¬ 
ization  hysteresis  in  these  polymers. 

3.2.  Electrostrictive  strains  and  electromechanical 
coupling  factors  at  low  frequency 

Longitudinal  strain  (53),  which  is  the  thickness  change  of 
the  film  induced  by  applied  electric  fields,  was  characterized 
for  films  exhibiting  slim  polarization  loops.  Presented  in 
Fig.  5(a)  is  the  longitudinal  strain  measured  for  65/35  mol% 


Fig.  5.  Amplitude  of  the  longitudinal  strain  as  a  function  of  the  amplitude 
of  the  electric  field  at  1  Hz:  (a)  strain  measured  at  room  temperature  for  the 
65/35  mol%  copolymer  films  irradiated  with  2.55  MeV  electrons.  Curves 
A  and  B  correspond  to  the  stretched  film  irradiated  at  120°C  with  80  Mrad 
dose  and  unstretched  film  irradiated  at  RT  with  100  Mrad  dose, 
respectively;  (b)  strain  measured  at  different  temperatures,  which  are 
indicated  in  figure,  for  unstretched  68/32  mol%  copolymer  film  irradiated 
at  105°C  with  70  Mrad  dose  of  1.0  MeV  electrons;  and  (c)  the  temperature 
dependence  of  the  longitudinal  strain  amplitude  for  the  film  shown  in  (b) 
under  a  constant  electric  field  of  150  MV/m. 


copolymers  irradiated  with  2.55  MeV  electron  at  two  irra¬ 
diation  temperatures  and  doses,  where  the  external  electric 
field  is  at  1  Hz  while  the  strain  was  measured  at  2  Hz 
because  of  electrostrictive  nature  of  the  strain  response. 
In  this  paper,  the  frequency  cited  is  that  of  the  external 
electric  field.  The  data  indicate  that  there  is  no  significant 
difference  in  S3  between  stretched  and  unstretched  films. 
Shown  in  Fig.  5(b)  is  S3  for  unstretched  68/32  mol%  copo¬ 
lymer  film  irradiated  at  105°C  with  70  Mrad  dose  of 
1.0  MeV  electrons.  Apparently,  a  longitudinal  strain  S3  « 
“5%  can  be  induced  by  an  electric  field  of  150  MV/m  in  the 
film.  The  temperature  dependence  of  the  strain  response  for 
68/32  irradiated  copolymer  film  (Fig.  5(b))  is  summarized  in 
Fig.  5(c),  which  shows  that  at  a  temperature  range  up  to 
80°C,  the  field  induced  strain  can  remain  nearly  constant. 

It  should  be  mentioned  that  the  doses  used  for  the  data  in 
Fig.  5  are  the  optimum  doses  required  to  produce  the  slim 
polarization  loop  and  high  electrostrictive  strain  in  these 
polymer  films.  Lowering  the  dosage  will  result  in  a  large 
hysteresis  and  increasing  the  dosage  will  cause  a  significant 
reduction  of  the  electrostrictive  strain  in  the  films. 

In  P(VDF-TrFE)  copolymers,  there  exists  large  aniso¬ 
tropy  in  the  strain  responses  along  and  perpendicular  to  the 
chain  direction.  Therefore,  the  transverse  strain,  which  is 
associated  with  the  length  change  of  the  film  under  an 
electric  field,  of  the  irradiated  copolymers  can  be  tuned 
over  a  large  range  by  varying  the  film  processing  condition 
[15].  For  unstretched  films,  the  transverse  strain  is  relatively 
small  (approximately  +1%  level  at  ~  100  MV/m)  and  in 
most  of  the  films  examined,  the  amplitude  ratio  between  the 
transverse  strain  and  longitudinal  strain  is  less  than  0.33. 
This  feature  is  attractive  for  devices  utilizing  the  longitu¬ 
dinal  strain,  such  as  ultrasonic  transducers  in  the  thickness 
mode,  and  actuators  and  sensors  making  use  of  the  long¬ 
itudinal  electromechanical  responses  of  the  material.  For 
example,  a  very  weak  transverse  electromechanical  response 
in  comparison  with  the  longitudinal  one  can  significantly 
reduce  the  influence  of  the  lateral  modes  on  the  thickness 
resonance  and  improve  the  performance  of  the  thickness 
transducer. 

On  the  other  hand,  for  stretched  films,  a  large  transverse 
strain  (50  along  the  stretching  direction  can  be  achieved  as 
shown  in  Fig.  6,  where  the  transverse  strain  about  +3.5%  is 
observed  in  the  irradiated  copolymer  under  an  electric  field 
of  110  MV/m.  It  is  also  found  that  for  stretched  films,  the 
amplitude  of  the  transverse  strain  along  the  stretching 
direction  can  be  comparable  with  that  of  the  longitudinal 
strain,  while  amplitude  of  the  transverse  strain  in  direction 
perpendicular  to  the  stretching  direction  (S2)  is  much  small 
(approximately  -1%  at  100  MV/m). 

It  is  interesting  to  note  that  for  P( VDF-TrFE)  copolymers, 
the  strain  along  the  thickness  direction  (parallel  to  the 
electric  field)  is  always  negative  regardless  the  sample 
processing  condition.  That  is,  the  thickness  is  reduced  as 
the  field  or  polarization  is  raised.  In  fact,  this  is  a  general 
feature  for  a  system  in  which  polarization  response 
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Fig.  6.  Amplitude  of  the  transverse  strain  along  stretching  direction  as  a 
function  of  amplitude  of  the  electric  field  at  1  Hz  for  stretched  samples:  (a) 
curves  A,  B,  C,  and  D  correspond  to  the  strain  measured  at  room 
temperature  for  copolymer  films  under  different  irradiation  conditions.  A: 
68/32  mol%  film  irradiated  at  100°C  with  65  Mrad  doses  of  1.2  MeV 
electrons,  B:  65/35  mol%  film  irradiated  at  105°C  with  70  Mrad  dose  of 
1.0  MeV  electrons,  C:  65/35  mol%  film  irradiated  at  95°C  with  60  Mrad 
dose  of  2.55  MeV,  and  D:  65/35  mol%  film  irradiated  at  1TC  with 
80  Mrad  dose  of  2.55  MeV;  (b)  strain  measured  at  different  temperatures, 
which  are  indicated  in  figure,  for  stretched  68/32  mol%  copolymer  film 
irradiated  at  100°C  with  70  Mrad  dose  of  1.2  MeV  electrons. 


originates  from  the  dipolar  interaction  and,  therefore,  is  true 
for  all  the  polymeric  piezoelectric  and  electrostrictive 
responses  [30,31].  For  the  strains  perpendicular  to  the 
applied  field  direction,  the  sign  of  the  strain  will  depend 
on  the  sample  processing  conditions.  For  an  anisotropic 
sample,  such  as  stretched  films  examined  here,  the  electric 
induced  strain  along  the  stretching  direction,  which  is 
perpendicular  to  the  applied  field,  is  positive,  while  in  the 
direction  perpendicular  to  both  stretching  and  applied  field 
directions,  the  strain  is  negative.  For  unstretched  samples 
which  are  isotropic  in  the  plane  perpendicular  to  the  applied 
field,  the  strain  component  in  the  plane  is  an  average  of  the 
strains  along  the  chain  (positive)  and  perpendicular  to  the 
chain  (negative)  and  is  in  general  positive. 

From  the  data  of  the  longitudinal  and  transverse  strain 
responses,  the  volume  strain  can  be  determined,  which  is 
about  1/3  of  the  longitudinal  strain.  That  is,  the  volume  of 
the  film  decreases  with  applying  electric  fields  and  the 
volume  strain  can  reach  —1%  under  a  field  of  100  MV/m, 
which  is  relatively  large  compared  with  other  electroactive 
materials,  such  as  polyurethane,  silicone,  and  piezoelectric 
ceramics.  The  large  volume  strain  induced  by  external 
electric  fields  in  the  irradiated  copolymer  indicates  that 
the  copolymer  should  have  a  high  response  when  used  for 
hydrostatic  applications.  This  large  volume  strain  originates 
from  the  local  electric  field  induced  phase  transformation. 


Fig.  7.  (a)  Longitudinal  strain  measured  at  room  temperature  vs.  P2  for 
unstretched  68/32  mol%  copolymer  film  irradiated  at  105°C  with  70  Mrad 
dose  of  1 .0  MeV  electrons,  where  P  is  the  polarization;  (b)  electrostrictive 
coefficient  <2b  vs.  electrical  field  amplitude  measured  at  22,  25,  and  30°C 
for  stretched  65/35  film  irradiated  at  95°C  with  60  Mrad  dose  of  2.5  MeV 
electrons,  where  Q°l3  is  the  weak  field  (2b  (measured  at  about  10  MV/m 
and  30°C). 

which  is  a  unique  feature  of  this  class  of  material  and  has 
been  confirmed  directly  in  a  recent  X-ray  experiment  [32]. 

By  plotting  the  field  induced  strain  versus  the  square  of 
induced  polarization,  it  is  found  that  the  strain  is  almost 
linearly  dependent  on  P 2  as  shown  in  Fig.  7(a),  confirming 
that  the  strain  response  is  electrostrictive  in  nature.  The 
charge  related  electrostrictive  coefficients  (Qjj)  can  be 
obtained 

S3  =  Q33P 2  and  5,  =  QnP2  (1) 

The  <233  is  found  to  be  in  the  range  from  —4  to  —12  m4/C2, 
depending  on  the  irradiation  condition.  On  the  other  hand, 
since  the  dielectric  constant  of  the  irradiated  copolymer  is 
strongly  non-linear,  the  relationship  between  the  strain  and 
applied  electric  field  E3  is  not  well  defined.  Although  the 
relationship  of 

S3  =  M33E2  and  Si  =  Ml3Ej  (2) 

are  often  used  in  the  literature  to  approximate  the  strain 
responses  of  ferroelectric-based  electrostrictive  materials, 
the  field  related  electrostrictive  coefficient  My  will  change 
with  the  applied  field  amplitude. 

We  now  discuss  the  electromechanical  coupling  fac¬ 
tors  for  the  irradiated  copolymers,  which  are  directly 
related  to  the  energy  conversion  efficiency  of  the  material, 
and  hence,  are  important  parameters  for  most  of  electro¬ 
mechanical  applications.  For  electrostrictive  materials,  the 
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electromechanical  coupling  factor  (ky)  has  been  derived  by 
Horn  et  al.  based  on  the  consideration  of  electric  and 
mechanical  energies  generated  in  the  material  under  external 
field  [33] 

k2  = _ M _ 

3'  ^[PEln((/>s+PE)/(Ps-PE))+Psln(l-(PE/Ps)2)] 

(3) 

where  i  =  1  or  3,  corresponding  to  the  transverse  or  long¬ 
itudinal  direction  (for  example,  k3U  is  the  transverse  cou¬ 
pling  factor)  and  sf(  the  elastic  compliance  under  constant 
polarization,  St  and  PE  are  the  strain  and  polarization 
responses,  respectively,  for  the  material  under  an  electric 
field  of  E '  The  coupling  factor  depends  on  E ,  the  electric 
field  level.  In  Eq.  (3),  it  is  assumed  that  the  polarization- 
field  (P-E)  relationship  follows  approximately  [33] 

|PE|=Pstanh(t|E|)  (4) 

where  Ps  is  the  saturation  polarization  and  k  a  constant.  It  is 
found  that  Eq.  (4)  describes  the  P-E  relationship  of  the 
irradiated  copolymers  studied  here  quite  well  [14]. 

The  elastic  modulus  for  the  films  examined  here  are 
shown  in  Fig.  8.  Using  the  data  in  Figs.  5b,  6b  and  8,  along 
with  the  polarization  data,  the  coupling  factors,  k33  for  the 
unstretched  sample  and  k3l  for  the  stretched  sample  along 
the  drawing  direction,  are  evaluated  and  presented  in  Fig.  9. 
At  near  room  temperature  and  under  80  MV/m  electric  field, 
k33  can  reach  more  than  0.3,  which  is  comparable  to  that 
obtained  in  single  crystal  P(VDF-TrFE)  copolymer  [13]. 
More  importantly,  the  data  also  shows  that  a  coupling  factor 
k3i  of  0.45  can  be  obtained,  which  is  much  higher  than  those 
in  unirradiated  P(VDF-TrFE)  copolymers  and  even  higher 
than  k3i  from  most  piezoceramics  [34].  Since  the  energy 
conversion  efficiency  is  proportional  to  the  square  of  the 
coupling  factor,  this  improvement  is  significant.  In  many 
applications,  such  as  micro-electromechanical-systems 
(MEMS),  electrical  power  generation  from  ocean  waves, 
and  artificial  muscles,  it  is  the  transverse  strain  that  is  often 


Fig.  8.  Young’s  modulus  at  1  Hz  as  a  function  of  temperature  for  irradiated 
P(VDF-TrFE)  copolymer  films.  Curve  A  is  the  modulus  of  unstretched  68/ 
32  mol%  irradiated  at  105°C  with  70  Mrad  dose  of  1.0  MeV  electrons,  and 
curve  B  is  the  modulus  along  stretching  direction  of  stretched  68/32  mol% 
irradiated  at  100°C  with  70  Mrad  dose  of  1.2  MeV  electrons. 


Fig.  9.  Electromechanical  coupling  factor  as  a  function  of  the  electric 
field:  (a)  fc33  for  unstretched  P(VDF-TrFE)  68/32  mol%  film  irradiated  at 
105°C  with  70  Mrad  dose  of  1.0  MeV  electrons;  (b)  k3]  for  stretched 
P(VDF-TrFE)  68/32  mo\%  film  irradiated  at  100°C  with  70  Mrad  dose  of 
1 .2  MeV  electrons. 

used  and  a  high  transverse  coupling  factor,  therefore,  is 
highly  desirable. 

3.3.  High  frequency  strain  response  and  electromechanical 
resonance  behavior 

The  irradiated  copolymer  exhibits  relaxor  ferroelectric 
behavior  which  shows  a  strong  dielectric  dispersion  at  near 
room  temperature  [11].  Therefore,  it  is  expected  that  there 
will  also  be  frequency  dispersion  of  the  field  induced  strain 
since  the  electrostrictive  strain  is  closely  related  to  the 
polarization  response  in  the  material,  i.e.  Eqs.  (1)  and  (2). 
To  characterize  the  electromechanical  responses  at  high 
frequencies,  we  carried  out  two  experiments.  One  is  to 
perform  the  field  induced  strain  measurements  directly  to 
high  frequencies.  The  other  is  to  measure  the  electromecha¬ 
nical  resonance,  which  occurs  at  frequencies  higher  than 
30  kHz  when  the  copolymers  are  under  dc  bias  fields  (for  an 
electrostrictive  copolymer,  a  dc  bias  field  is  required  to 
induce  an  effective  piezoelectric  state)  and  from  which 
the  electromechanical  coupling  factor  can  be  obtained. 

The  frequency  dependence  of  the  longitudinal  strain  (in 
reduced  unit)  for  68/32  unstretched  film  is  shown  in  Fig.  10. 
The  measuring  field  used  here  is  limited  to  below  30  MV/m 
due  to  the  limitation  of  the  power  supply.  Although  the  strain 
response  decreases  with  frequency  as  one  would  expect,  this 
reduction  is  not  severe.  Over  a  four-decade  frequency 
change,  i.e.  from  1  Hz  to  10  kHz,  the  reduction  of  the  strain 
at  near  room  temperature  is  less  than  half  and  at  higher 
temperatures,  the  strain  level  can  remain  nearly  constant 
in  this  frequency  range.  The  results  demonstrate  that  the 
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Fig.  10.  Frequency  dependence  of  longitudinal  strain  response  for 
unstretched  68/32  mol%  copolymer  under  20  MV/m  field.  The  film  was 
irradiated  at  105°C  with  70  Mrad  of  1.0  MeV  electrons. 


material  studied  here  can  produce  high  strain  at  high  fre¬ 
quencies.  The  results  here  are  also  consistent  with  the 
dielectric  data  where  at  temperatures  higher  than  the  broad 
dielectric  peak  (>40°C),  the  dielectric  dispersion  becomes 
quite  small.  In  fact,  since  the  charge  related  electrostrictive 
coefficient  Q  is  nearly  independent  of  frequency  and  weakly 
dependent  on  temperature,  Eq.  (1)  indicates  that  the  fre¬ 
quency  dependence  of  high  field  polarization  (and  dielec¬ 
tric)  response  can  be  used  to  predict  the  frequency 
dependence  of  the  strain  response,  which  provides  a  more 
convenient  means  to  estimate  the  strain  response  at  high 
frequencies. 

The  electromechanical  resonance  behavior  was  charac¬ 
terized  for  copolymers  under  different  dc  bias  fields  and  the 
results  are  presented  in  Fig.  1 1  (a)  where  the  ac  signal  used  is 
1  V^s.  In  Fig.  11(a),  the  data  were  taken  from  stretched  68/ 
32  film  and  the  resonance  occurred  along  the  stretching 
direction.  A  very  clear  resonance  (electromechanical  beha¬ 
vior)  was  observed.  For  the  data  in  Fig.  11(a),  the  elastic 
compliance  (sn)  and  related  coupling  factor  (fc31)  along  the 
stretching  direction  can  be  derived  from  [35] 


4-  =  4  p/s/  (5) 

5n 


where,  sf{  (Young’s  modulus  Y  =  l/sf})  is  the  elastic 
compliance  along  the  stretching  direction,  p  the  density, 
the  l  the  length  along  the  resonance  direction,  fp  and /s  are  the 
parallel  and  series  resonance  frequencies,  and  Af  —fp  -/s. 
The  Young’s  modulus  along  the  stretching  direction,  thus, 
obtained  is  shown  in  Fig.  1 1(b).  The  comparison  of  the  data 
here  with  that  in  Fig.  8  indicates  that  the  Young’s  modulus 
increases  significantly  at  high  frequencies  (3  GPa  at  35  kHz 
as  compared  with  1  GPa  at  1  Hz).  The  data  also  reveal  that 
the  modulus  increases  with  dc  bias  field,  which  is  associated 
with  the  reduced  entropy  in  the  copolymer  under  dc  bias 


Fig.  11.  (a)  Frequency  dependence  of  the  impedance  at  room  temperature 
for  the  stretched  68/32  mol%  copolymer  under  different  dc  bias  fields 
(from  bottom  to  top,  the  dc  bias  is  0,  20,  40,  50,  60,  70  MV/m, 
respectively),  the  film  was  irradiated  at  100°C  with  70  Mrad  of  1.2  MeV 
electrons;  (b)  and  (c)  are  the  Young’s  modulus  and  coupling  factor  k3x 
deduced  from  the  data  in  (a). 


electric  fields.  In  addition,  the  electromechanical  coupling 
factor,  &31  shown  in  Fig.  11(c),  determined  from  the  reso¬ 
nance  data  is  very  close  to  and  even  higher  than  that  obtained 
from  Eq.  (3)  at  near  static  limit,  which  again  indicates  that 
the  copolymer  can  function  well  at  high  frequencies. 

3.4.  The  mechanical  load  effect  on  the  electrostrictive 
strains 

Being  a  polymeric  material,  there  is  always  a  concern 
about  the  electromechanical  response  under  high  mechan¬ 
ical  load,  that  is,  whether  the  material  can  maintain  the  high 
strain  level  when  subject  to  high  external  stresses.  To 
address  this  concern,  we  carried  out  a  series  of  measurement 
of  the  field  induced  strain  under  mechanical  loads  [16].  The 
data  reported  here  are  the  transverse  strain  of  stretched 
and  irradiated  65/35  copolymer  under  tensile  stress 
along  the  stretching  direction  and  the  longitudinal  strain 
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Fig.  12.  (a)  Transverse  strain  vs.  tensile  stress  along  the  stretching 
direction  for  stretched  65/35  mol%  copolymer  film;  (b)  longitudinal  strain 
vs.  hydrostatic  pressure  for  unstretched  65/35  mol%  copolymer  film.  The 
strains  were  measured  at  room  temperature.  The  films  were  irradiated  at 
95°C  with  60  Mrad  of  2.55  MeV  electrons. 

of  unstretched  and  irradiated  65/35  copolymer  under  hydro¬ 
static  pressure  [16,36]. 

The  transverse  strain  at  different  tensile  stresses  along  the 
stretching  direction  is  presented  in  Fig.  12(a).  As  can  be  seen 
from  the  figure,  under  a  constant  electric  field,  the  transverse 
strain  increases  with  the  load  initially  and  reaches  a  max¬ 
imum  at  the  tensile  stress  of  about  20  MPa.  Upon  further 
increase  of  the  load,  the  field  induced  strain  is  reduced.  One 
important  feature  revealed  by  the  data  is  that  even  under  a 
tensile  stress  of  45  MPa,  the  strain  generated  is  still  nearly 
the  same  as  that  without  load,  indicating  that  the  material  has 
a  very  high  load  capability. 


The  longitudinal  strain  for  unstretched  65/35  films  as  a 
function  of  hydrostatic  pressure  was  measured  and  the  data 
is  presented  in  Fig.  12(b).  At  low  electric  fields,  the  strain 
does  not  change  much  with  pressure,  while  at  high  fields,  it 
shows  increase  with  pressure.  Due  to  the  limitation  of  the 
experimental  set-up,  we  could  not  apply  pressure  higher  than 
8.2  MPa,  which  is  the  highest  pressure  level  that  the  hydro¬ 
static  pressure  system  used  can  provide  [36]. 

The  results  from  both  experiments  demonstrate  that  the 
electrostrictive  P(VDF-TrFE)  copolymer  has  a  high  load 
capability  and  maintains  its  strain  level  even  under  very  high 
load  in  contrast  to  many  other  EAPs.  The  observed  change  in 
the  strain  with  load  can  be  understood  based  on  the  con¬ 
sideration  of  the  electrostrictive  coupling  in  this  relaxor 
ferroelectric  material  which  has  been  analyzed  in  earlier 
publications  [16,27]. 

3.5.  Performance  of  unimorph  actuators  fabricated  from 
the  electrostrictive  P(VDF-TrFE)  copolymers 

To  demonstrate  the  device  performance  of  the  irradiated 
copolymers,  several  unimorph  actuators  were  fabricated 
using  the  irradiated  copolymer  films.  Shown  in  Fig.  13  is 
the  field  induced  actuation  of  an  unimorph  made  of  an 
electrostrictive  P(VDF-TrFE)  68/32  copolymer  (active  film) 
and  an  inactive  polymeric  substrate.  The  electrode  area  of 
the  active  film  is  10  mm  wide  and  20  mm  long.  To  prevent 
any  possible  edge  discharge  when  operated  under  high 
voltage,  there  is  ~1.5  mm  wide  unelectroded  area  at  the 
edges  of  the  active  layer.  The  thickness  of  both  the  active  and 
inactive  films  is  22  pm  and  the  thickness  of  glue  layer 
between  two  polymer  films  is  about  1  pm.  Fig.  13(a)  shows 
the  unimorph  without  electric  field  and  Fig.  13(b)  is  under 
65  MV/m  field,  where  a  transverse  strain  of  about  1.7%  was 
generated  in  the  active  film  (68/32  copolymer,  stretched  and 
irradiated  at  100°C  with  65  Mrad  dose  of  1.2  MeV  elec¬ 
trons).  Clearly,  there  is  a  large  actuation  of  the  unimorph  due 
to  the  high  transverse  strain. 

For  an  unimorph,  it  has  been  derived  that  the  tip  displace¬ 
ment  (5)  and  blocking  force  (F),  which  are  dependent  on  the 


Fig.  13.  The  performance  of  an  unimorph  with  one  electrostrictive  P(VDF-TrFE)  copolymer  layer  of  22  pm  bonded  to  an  inactive  polymer  of  the  same 
thickness:  (a)  the  picture  shows  the  unimorph  without  electric  field;  (b)  the  picture  shows  the  actuation  of  the  unimorph  under  an  electric  field  of  65  MV/m. 
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Table  1 

Comparison  of  electromechanical  properties 


Materials 

Y  (GPa) 

Typical  Sm  (%) 

YS2J2  (J/cm3) 

rs2J2P  oi kg) 

Stress  (MPa) 

Piezoceramic 

64 

0.2 

0.13 

17 

128 

Magnetostrictor 

100 

0.2 

0.2 

21.6 

200 

Piezo  P(VDF-TrFE) 

4 

0.15 

0.0045 

2.5 

6 

Electrostrictive  P(VDF-TrFE) 

s3 

0.4 

5.0 

0.5 

267 

20 

Si 

1.0 

3.5 

0.61 

326 

35 

device  geometric  and  material  properties,  can  be  expressed 
as  [37] 

3L2  2AB(l+B)2 

2 1  A2B 4  +  2AB(2  +  3B  +  2 B2)  +  1  1 


F  = 


2  wt2Y  2 AB 

8 L  (AB +!)(!+£)  1 


(8) 


where  L,  u>  and  t  are  the  length,  width  and  thickness  of  the 
unimorph,  Sl  and  Fare  the  transverse  strain  and  the  Young’s 
modulus  along  the  length  direction  of  the  active  film, 
respectively.  In  the  equations,  A  and  B  are  the  ratio  of 
Young’s  modulus  and  the  thickness  ratio  of  the  substrate 
to  active  film,  respectively.  Because  the  unimorph  tip  in 
Fig.  13  has  travelled  more  than  one  circle,  Eq.  (7)  cannot  be 
used  to  make  the  comparison. 

For  an  unimorph  with  small  t,  the  blocking  force  is  small 
as  indicated  by  Eq.  (8).  By  increasing  the  thickness  t  of  an 
unimorph,  the  blocking  force  can  be  increased.  Here,  in 
order  to  keep  the  driving  voltage  low,  a  multilayer  config¬ 
uration  for  the  irradiated  P(VDF-TrFE)  copolymer  is  used 
[38].  The  unimorph  fabricated  has  eight  active  layers  with 
each  layer  thickness  of  about  19  pm  and  bonded  together  by 
a  polymer  glue  and  the  total  thickness  of  the  unimorph  is 
0.32  mm.  The  other  dimensions  and  parameters  are: 
L  =  22  mm,  Y  =  1  GPa,  B  —  3  and  A  =  1.  The  actual  unim¬ 
orph  width  w  is  13  mm,  but  the  width  of  the  electroded  area 
is  10  mm.  The  blocking  force  measured  for  the  unimorph 
was  3.3  g  when  a  field  of  40  MV/m  was  applied  which 
results  in  a  transverse  strain  of  0.33%.  By  substituting  all  the 
parameters  into  Eq.  (8),  a  blocking  force  of  4.2  g  is  predicted 
(here  w  =  10  mm  is  used  since  it  is  the  electroded  area 
which  generates  the  force).  Considering  the  fact  that  there  is 
a  dead  area  (unelectroded  part  of  the  unimorph)  of  about 
25%  of  the  total  unimorph  and  the  inactive  glue  layers,  the 
agreement  between  the  prediction  of  Eq.  (8)  and  measured 
blocking  force  is  quite  good.  The  result  indicates  that  the 
field  induced  strain  Sx  can  be  used  to  estimate  the  blocking 
force  of  an  unimorph  actuator  and  the  copolymer  films  do 
have  high  load  capability. 


4.  Summary 

As  a  summary,  the  field  induced  strain,  the  elastic 
energy  density,  which  is  another  important  parameter  for 


electromechanical  actuator  materials,  and  other  related  para¬ 
meters  for  this  new  class  of  EAP  are  compiled  in  Table  1 
[39,40].  For  the  comparison,  we  include  the  data  for  the 
conventional  piezoelectric  P(VDF-TrFE)  copolymer,  the 
piezoceramic  and  magnetostrictive  materials.  In  the  table, 
both  the  volumetric  energy  density,  which  is  YS^/2  and 
related  to  the  device  volume,  and  the  gravimetric  energy 
density,  which  is  YS^/2p  and  related  to  the  device  weight, 
are  included.  Here  5m  is  the  maximum  strain  level,  p  the 
density,  and  Y  is  the  Young’s  modulus.  In  Table  1,  we  also 
include  another  parameter,  the  blocking  stress,  which  is  the 
stress  level  generated  under  a  given  electric  field  when  the 
strain  of  the  sample  is  zero.  For  the  data  in  the  table,  the 
maximum  blocking  stress  has  been  approximated  as  YSm 
(neglecting  the  possible  non-linear  effect).  Apparently,  the 
irradiated  copolymers  exhibit  a  high  elastic  energy  density, 
which  is  consistent  with  the  results  of  high  load  capability  as 
presented  in  the  paper. 

The  results  presented  here  represent  a  significant  im¬ 
provement  in  the  electromechanical  properties  of  P(VDF- 
TrFE)  copolymers  and  also  points  to  a  new  approach  for 
improving  the  electromechanical  responses  in  other  related 
ferroelectric  polymers,  i.e.  making  using  of  modified  electric 
field  controlled  phase  transition.  Using  high  energy  electron 
irradiation  is  only  one  means  to  modify  the  phase  transition. 
There  exist  other  non-irradiation  approaches  to  modify  the 
transition  which  are  currently  under  investigation. 
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Abstract — High  energy  electron  irradiation  with  a  broad 
range  dosage  was  carried  out  on  poly(vinylidene  fiuoride- 
trifluorothylene)  copolymer  65/35  moI%  and  50/60  mol% 
films  at  different  temperatures  from  room  temperature  to 
a  temperature  close  to  the  molt  temperature.  Tlio  effect  of 
irradiation  on  the  properties  of  the  films,  such  as  electric 
field-induced  strain,  dielectric  and  polarization  behaviors, 
and  mechanical  modulus,  is  presented.  The  irradiated  films 
can  exhibit  a  very  large  electric  field-induced  strain,  more 
than  4.5%  longitudinal  strain,  and  3%  transverse  strain. 
The  transverse  strain  of  the  stretched  film  can  compare 
with  the  longitudinal  strain*,  that  of  the  unstretched  film  is 
much  smaller  than  the  longitudinal  strain.  With  regard  to 
the  dielectric  and  polarization  behaviors,  we  found  that  ir¬ 
radiation  changes  the  copolymer  from  a  typical  ferroelectric 
to  a  relaxor  ferroelectric  in  which  the  behavior  of  microro 
gions  under  the  electric  field  plays  the  key  role.  Between 
the  two  copolymers  studied,  we  found  that  65/35  copoly¬ 
mer  is  preferred  for  both  longitudinal  and  transverse  strain 
generation.  A  model  is  proposed  to  explain  the  experimen¬ 
tal  results  thut  the  amplitude  of  the  charge  electrostrictive 
coefficient  (<J)  increases  with  decreasing  crystallinity. 


I.  Introduction 

From  t;he  application  point  of  view,  electroactive  poly¬ 
mers  (EAPs)  offer  many  advantages  over  ceramics 
and  crystals,  such  as  flexibility,  low  weight,  low  cost,  and 
easy  processing,  to  form  complicated  shapes.  Electroactive 
polymers  have  attracted  much  attention  for  many  years  [1], 
[2],  which  resulted  in  the  discovery  of  ferroelectric  (FE) 
polymers  as  a  new  type  of  functional  material.  These  poly¬ 
mers  have  been  recognized  to  have  potential  applications 
in  a  variety  of  devices,  such  as  transducers,  actuators,  and 
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scusors.  However,  in  comparison  with  other  existing  func¬ 
tional  materials,  such  as  ceramics  and  single  crystals  [3], 
current  FE  polymers  suffer  low  elect roactivity,  such  as  low 
electromechanical  coupling  coefficient  and  low  strain  en¬ 
ergy  density,  which  limit  the;  applications  of  the  materials. 

To  improve  the  material  properties,  there  is  inter¬ 
est  in  searching  for  new  EAPs  and  modifying  the  ex¬ 
isting  materials.  It  was  found  that  large  strain  response 
can  be  observed  in  some  EAPs,  such  as  heavily  plasti¬ 
cized  poly(vinylidene  fluoride-trifiuorocthylcnc)  [P(VDF- 
TrFE)]  arid  polyurethane  [4]-[6].  However,  the  elastic  mod¬ 
ulus  of  these  materials  is  low.  In  FE,  it  is  well  known  that 
the  defects  have  strong  influence  on  the  material  proper¬ 
ties.  Recently,  in  an  effort  to  study  the  effects  of  defects 
on,  and  to  improve  the  material  properties  of,  FE  polymer, 
we  showed  that  by  making  use  of  high  energy  electron  ir¬ 
radiation,  the  P(VDF-TrFE)  copolymers  at  a  certain  com¬ 
position  range  exhibit  a  very  large  electrostrictive  strain 
response  (~5%)  [7]-[9] .  In  addition  to  the  large  strain  re¬ 
sponse,  the  irradiated  P(VDF-TYFE)  copolymers  are  of 
very  high  strain  energy  density  (M).5  .I/cm3  or  ~240  J/kg) 
because  the  elastic  modulus  is  relatively  high  [7],  [9].  In  ad¬ 
dition,  in  the  DC  electric  field  biased  state,  high  piezoelec¬ 
tric  coefficients  (dxi  ~  -350  pm/V  and  (I31  ~260  pm/V, 
which  are  comparable  with  those  in  ceramics)  can  bo 
achieved  [10].  More  importantly  from  a  material  science 
point  of  view,  the  irradiated  copolymer  exhibits  the  fea¬ 
tures  of  typical  relaxor  FE  [7],  [11],  [12].  Although  inor¬ 
ganic  relaxor  FE  have  been  widely  studied  in  the  last  half 
century  [13],  no  organic  relaxor  FE  was  reported  before. 

This  paper  presents  the  results  of  a  detailed  inves¬ 
tigation  on  how  the  electromechanical  properties  (such 
as  strain  responses,  polarization,  and  dielectric  behav¬ 
ior)  of  the  newly  developed  electrostrictive  P(VDF-TrFE) 
copolymers  with  50  mol%  and  65  mol%  VDF  content 
[P(VDF-TrFE)  50/50  and  65/35]  vary  with  different  sam¬ 
ple  processing  conditions  prior  to  the  irradiation,  different 
electron  treatment  conditions,  electric  field  driving  condi¬ 
tions,  and  temperature.  To  elucidate  what  is  responsible 
for  these  changes,  data  on  microstructurcs  and  evolutions 
of  the  transitional  phenomena  will  also  be  presented  and 
analyzed.  These  results  will  be  useful  in  guiding  future 
work  on  improving  the  elcctroactivc  properties  of  the  ma- 
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tcrials  and  in  designing  the  materials  for  different  applica¬ 
tions. 

It  is  worthwhile  to  point  out  that  in  this  study,  P(VDF- 
TrFE)  copolymers  with  VDF  content  at  70  mol%  or 
higher  were  also  investigated,  and  the  results  revealed  that 
copolymers  at  those  compositions  cannot  be  converted 
to  elect  restrict! vc  polymers  with  the  2. 55-Mo  V  electron 
source  employed  in  this  investigation.  Therefore,  only  the 
results  from  the  investigation  on  P(VDF-TrFE)  65/35  and 
50/50  copolymers  are  presented. 


II.  Experiments 

P(VDF-TrFE)  copolymer  powders  with  a  mean  molec¬ 
ular  weight  of  200,000  were  purchased  from  Solvay  and  Cie 
(Bruxelles,  Belgium).  Two  approaches  were  used  here  to 
prepare  the  copolymer  films,  i.e.,  melt  press  and  solution 
cast.  In  the  melt  press  process,  the  P(VI)F-IYFE)  copoly¬ 
mer  50/50  and  65/35  powders  were  pressed  between  two 
pieces  of  aluminum  foil  at  215  and  225°C,  respectively.  The 
films  were  then  either  slowly  cooled  to  room  temperature, 
resulting  in  high  crystallinity  in  the  films,  or  quenched  in 
ice  cold  water,  to  keep  the  crystallinity  of  the  films  low.  In 
the  solution  cast  method,  the  copolymer  was  dissolved  in 
dimethylformanide  (DMF)  first  and  then  the  solution  was 
cast  on  a  flat  glass  plate  and  dried  in  an  oven  at  70°  C.  Two 
types  of  films  were  used  in  this  investigation:  the  stretched 
and  unst retched.  In  imstrcfcched  films,  the  prepared  films 
were  annealed  at  140°C  for  a  period  between  1.2  to  14  h 
to  improve  the  crystallinity.  In  stretched  films,  films  made 
from  solution  cast  or  quenched  from  melt  press  wore  uni- 
axially  stretched  by  a  factor  of  5  at  a  temperature  between 
25  and  50° C.  Afterward,  these  films  were  also  annealed  at 
140° C  for  12  to  14  h  to  increase  the  crystallinity.  To  pre¬ 
vent  shrinkage  during  the  annealing  for  the  stretched  films, 
the  two  ends  of  the  films  were  mechanically  fixed  during 
annealing.  The  thickness  of  both  stretched  and  unstretchcd 
films  was  in  the  range  of  15  to  30  /an.  The  irradiation  was 
carried  out  in  a  nitrogen  or  argon  atmosphere  at  differ¬ 
ent  temperatures  (from  room  temperature  to  120°  C)  with 
2.55-MeV  electrons. 

For  the  characterization  of  the  dielectric  properties,  po¬ 
larization,  and  electric  field-induced  strain  behavior  of  the 
filmvS,  gold  electrodes  of  thickness  about  400  A  were  sput¬ 
tered  on  both  surfaces  of  a  film.  The  dielectric  constant  of 
the  films  under  a  weak  electric  field  (~1  V)  at  frequencies 
from  30  to  100  kHz  was  measured  by  a  dielectric  ana¬ 
lyzer  (model  no.  2970;  TA  Instruments,  Now  Castle,  DE) 
at  temperatures  from  60  to  120°C  with  a  hcating/cooling 
rate  of  2°C/min.  Because  of  the  FE  nature  of  the  films, 
it  is  expected  that  the  dielectric  properties  are  strongly 
dependent  on  the  driving  field  amplitude.  In  this  investi¬ 
gation,  the  effective  dielectric  constant  of  films  under  high 
electric  field  was  measured.  In  the  measurement,  the  in¬ 
duced  polarization  in  the  film  was  computed  from  the  cur¬ 
rent  flowing  through  a  resistor,  which  is  in  series  with  the 
film  and  whose  electric  impedance  is  much  smaller  (more 


Fig.  1.  Phase  diagram  of  P(VDP-TVFE)  copolymer.  The  exact  phase 
transition  temperature  depends  on  sample  fabrication,  sample  ther¬ 
mal  treatment,  and  processing  liisLory.  The  dashed  areas  correspond 
to  the  phase  transition  temperature  region. 

than  10,000  times  smaller)  than  that  of  the  film.  The  po¬ 
larization  hysteresis  loop  was  measured  by  a  computer- 
controlled  automatic  system  based  on  the  Sawyer-Tower 
circuit.  The  longitudinal  strain,  the  strain  response  along 
the  thickness  direction,  was  characterized  by  a  strain  sen¬ 
sor,  which  was  designed  specifically  for  the  polymer  film 
strain  measurements,  based  on  the  piezoelectric  bimorph 
sensor  [14].  The  transverse  strain,  the  strain  response  along 
the  film  surface,  was  measured  using  a  cantilever- based 
dilatometer  that  was  newly  developed  for  characterizing 
transverse  strain  response  of  polymer  film  under  external 
electric  fields  [12]. 

Differential  scanning  calorimeter  (DSC)  measurements 
were  performed  to  monitor  the  change  of  crystallinity  with 
different  irradiation  conditions  and  wore  carried  out  at  a 
scanning  rate  of  10°C/min  under  a  nitrogen  atmosphere 
using  a  DSC  (model  no.  2010;  TA  Instruments)  from  -60  to 
200°C.  The  elastic  modulus  of  the  films  was  characterized 
along  the  film  direction  (perpendicular  to  the  film  thick¬ 
ness)  using  a  dynamic  mechanical  analyzer  (DMA)  (model 
no.  2980;  TA  Instruments)  in  the  temperature  range  from 
-  CO  to  1()0°C  at  different  frequencies. 


III.  Results  and  Discussion 
A.  Polarization ,  Dielectric  Properties,  and  DSC  Data 

At  room  temperature,  P(VDF-TrFE)  copolymer  is 
a  normal  ferroelectric  whose  phase  diagram  is  shown 
in  Fig.  1.  There  is  a  melting  transition  at  temperatures 
above  150°C  and  a  clem’  FE  to  paraclectric  (FE)  phase 
transition  for  most  of  the  copolymer  compositions  (at  com¬ 
positions  below  85  mol%  VDF)  [1],  [15].  A  typical  polar¬ 
ization  hysteresis  loop  taken  from  P(VDF-TrFE)  65/35 
copolymer  is  shown  in  Fig.  2(a).  In  most  of  the  electrome¬ 
chanical  applications,  the  material  is  operated  near  the 
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Fig,  2.  Typical  polarization  and  strain  responses  in  P(VDF-TVFE) 
65/35  copolymer  at  ferroelectric  phase:  a)  polarization  vs.  electric 
field  and  b)  longitudinal  strain  vs.  electric  field. 


point  A  or  A',  and  the  strain  response  (S)  is  linearly  pro¬ 
portional  to  the  applied  electric  field  (E  in  V/m)  (piezo¬ 
electric  response)  [2]: 

Sij  =  dijkEk  (1) 

where  dijk  (in  m/V)  is  the  piezoelectric  strain  coefficient. 
By  switching  the  polarization  through  the  polarization 
hysteresis,  a  larger  strain  response  can  be  obtained  as 
shown  in  Fig.  2(b),  where  a  strain  of  about  -1.5%,  which  is 
much  higher  than  the  strain  level  in  the  piezoelectric  state, 
can  be  achieved  for  the  P(VDF-TrFE)  65/35  copolymer. 
However,  the  strain  response  of  Fig.  2(b)  type  is  not  desir¬ 
able  and  may  not  be  used  in  practical  devices  because  it 
involves  a  high  hysteresis  and  also  because  the  large  polar¬ 
ization  hysteresis  will  cause  severe  dielectric  loss,  resulting 
in  sample  heating. 

The  large  hysteresis  observed  in  a  normal  ferroelectric 
P(VDF-TrFE)  copolymer  is  due  to  the  high  nucleation 
barrier  when  switching  polarization  from  coherent  macro¬ 
scopic  polar  domains  [1],  [2].  By  breaking  this  macroscopic 
coherent  polar  domain,  one  can  reduce  or  eliminate  the 
polarization  hysteresis.  This  is  the  reason  behind  the  ob¬ 
served  evolution  from  the  large  hysteresis  polarization  loop 
to  a  slim  polarization  loop  when  a  P(VDF-TrFE)  copoly¬ 
mer  is  irradiated  with  proper  doses  of  high  energy  elec¬ 
trons  [7],  [10],  [11].  That  is,  the  electron  irradiation  breaks 
up  the  coherent  polarization  domains  in  the  crystalline  re¬ 


Electric  Field  (MV/m) 

Fig.  3.  Polarization  hysteresis  loops  at  10  Hz  of  P(VDF-TrFE) 
copolymer  films  measured  at  room  temperature  for  a)  unstretchcd 
50/50  films  irradiated  at  120°C  and  b)  unstretched  65/35  films  irra¬ 
diated  at  120°C  with  different  irradiation  dosages. 

gion  into  nanopolar  regions.  The  data  shown  in  Fig.  3  is 
the  change  of  the  polarization  hysteresis  loop  with  electron 
dosage  for  the  unstretchcd  copolymer  films  irradiated  at 
120° C,  where  Fig.  3(a)  is  for  50/50  films  and  Fig.  3(b)  is 
for  65/35  films.  With  increasing  dosage,  the  polarization 
loop  becomes  slim  with  little  hysteresis.  For  the  copoly¬ 
mers  with  a  slim  hysteresis  loop,  the  dielectric  constant 
measured  at  a  weak  electric  field  (~0.04  MV/m)  exhibits 
a  broad  peak  at  a  temperature  near  room  temperature  as 
shown  in  Fig.  4.  In  addition,  the  peak  position  shifts  with 
frequency,  and  the  relationship  between  the  peak  temper¬ 
ature  (Tm)  and  frequency  can  be  described  by  the  Vogel- 
Fulchcr  law  quite  well  [7],  [11].  Therefore,  these  exper¬ 
iment,  results  suggest  that  the  irradiated  copolymer  ob¬ 
tained  here  belongs  to  a  special  class  of  ferroelectrics,  i.o., 
rclaxor  fcrroelcctrics  [13],  [16].  That  is,  the  high  energy  ir¬ 
radiation  transforms  the  crystalline  phase  from  a  normal 
FE  into  a  rclaxor  FE. 

Fig.  3  also  reveals  that  as  the  dosage  increases,  the 
induced  polarization  level  under  a  given  applied  field  re¬ 
duces,  and,  at  a  high  dosage,  the  polarization  level  becomes 
much  smaller  than  that  in  an  unirradiated  sample.  This  is 
a  result  of  the  reduction  of  the  crystallinity  in  the  polymer 
with  irradiation.  Presented  in  Fig.  5  is  the  DSC  data  for 
both  65/35  and  50/50  copolymers  under  different  doses. 
For  unirradiated  films,  there  arc  two  well-defined  peaks. 
The  one  at  temperatures  above  150° C  is  associated  with 
the  melting  of  the  crystallites,  and  the  low  temperature  one 
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Fig.  4.  Temperature  deptmdcnco  of  the  dielectric  constant  and  loss  at 
different  frequencies  (100  Hz,  1  k,  10  lc,  and  100  kHz)  for  irradiated 
P(VDF-TYFE)  copolymer  films:  a)  stretched  65/35  mol%  irradiated 
at  95° C  with  60  Mnul  dosage,  b)  stretched  50/50  mol%  irradiated 
at  95°  C  with  40  Mrad  dosage. 


is  from  the  FE-PE  transition.  The  enthalpy  of  the  inciting 
can  be  used  as  a  measure  of  the  crystallinity  of  the  film. 
It  is  found  that  the  crystallinity  of  both  stretched  and  mi- 
stretched  copolymer  films  before  irradiation  is  about  75%. 
The  data  in  Fig.  5  show  that  with  increased  dosage,  the 
area  under  the  melting  peak  (ent  halpy  of  the  melting)  de¬ 
creases,  and,  for  the  50/50  copolymer  at  the  150-Mrad 
dosage,  this  peak  disappears,  indicating  that  the  poly¬ 
mer  is  more  or  loss  amorphous.  Therefore,  in  addition  to 
transforming  the  crystalline  region  of  the  polymer  from 
a  normal  FE  with  large  polarization  hysteresis  to  a  re- 
laxor  FE  with  slim  polarization  loop,  high  energy  electron 
irradiation  also  converts  the  crystalline  phase  into  amor¬ 
phous  phase,  and,  as  a  result,  the  field  induced  polariza¬ 
tion  level  Ls  reduced.  These  are  two  competing  processes, 
and  how  to  increase  one  process  (transformation  in  the 
crystalline  region)  and  reduce  the  reduction  of  the  crys¬ 
tallinity  with  dose  is  still  a  challenge.  Because  the  electric 
field-induced  strain  in  the  material  is  proportional  to  the 
polarization  level,  a  high  crystallinity  is  clearly  highly  de¬ 
sirable  to  achieve  a  high  strain  and  high  elastic  energy 
density.  A  way  to  increase  the  electric  field-induced  strain 
response  of  the  irradiated  material  is  varying  irradiation 
condition,  such  as  the  electron  energy,  irradiation  tempera¬ 
ture,  and  dosage.  The  effect  of  the  irradiation  temperature, 
and  dosage  on  the  strain  response  of  the  copolymer  will  be 


Fig.  5.  Enthalpy  change  of  the  melting  point  of  crystallites  in  a)  im- 
Htrotchcd  P(VDF-TYFE)  50/50  irradiated  at  120° C  (from  top  to  bot¬ 
tom  curve,  dosage  is  0,  30,  60,  80,  100,  and  150  Mrad,  respectively) 
with  the  irradiation  dosage  and  b)  unstrotdied  P(VDF-TrFE)  65/35 
irradiated  at  95°C  (from  top  to  bottom  curve,  dosage  is  0,  60,  80, 
100,  and  120  Mrad,  respectively). 

presented  in  the  following  section.  With  regard  to  the  ir¬ 
radiation  energy,  we  recently  found  that  using  the  electron 
beam  with  a  low  energy  of  (1.0— 1.2  McV)  for  irradiation 
seems  better  than  using  that  2.55  McV.  Further  detailed 
studies  of  the  electron  energy  effect  will  be  carried  out.  To 
transform  the  crystalline  region  from  normal  FE  to  rclaxor 
FE,  besides  irradiation,  other  possible  approaches  are  in¬ 
troducing  chemical  defects  in  the  polymer  chain  or  using 
different  thermal  treatment  processes,  such  as  quenching, 
to  treat  the  material  to  introduce  defects. 


B .  Field-Induced  Strain  Responses 
in  Irradiated  Copolymers 

Presented  in  Fig.  (5  is  the  relationship  between  the  elec¬ 
tric  field-induced  longitudinal  strain  and  electric  field  from 
P(VDF-TrFE)  55/35  copolymer  irradiated  at  120° C  with 
a  80-Mrad  dosage.  The  film  was  made  from  a  solution 
cast  with  DMF  and  stretched.  The  data  shows  that,  in 
irradiated  films,  an  ultrahigh  field-induced  strain  can  be 
induced.  From  a  recent  x-ray  diffraction  experiment,  it 
was  observed  that  the  field-induced  strain  in  the  rclaxor 
FE  P(VDF-TrFE)  copolymer  is  mainly  due  to  the  field- 
induced  local  phase,  transformation  between  the  non-polar 
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Fig.  6.  T longitudinal  strain  vs.  electric  field  in  P(VDF-TrFE)  05/35 
copolymer  irradiated  at  120°C  with  80  Mrad  dosage. ' 


phase  and  polar  phase,  which  involves  a  very  high  lattice 
strain  [17].  This  is  different  from  the  strain  observed  in  po¬ 
larization  switching  in  a  normal  FE  P(VDF-TVFE)  copoly¬ 
mer  [Fig.  2(b)],  where  the  strain  is  mainly  due  to  the  po¬ 
larization  reorientation  between  different  domain  states. 

In  an  FE  polymer,  the  electric  field- induced  strain  re¬ 
sponse  is  closely  related  to  the  polarization  in  the  material. 
Being  a  semicrystallinc  polymer,  this  response  Is  affected 
by  the  crystallinity.  Because  the  high  energy  electron  ir¬ 
radiation  influences  both  the  crystallite  polarization  and 
crystallinity,  as  shown  in  the  proceeding  section,  it  is  ex¬ 
pected  that  the  electric  field-induced  strain  will  be  sensi¬ 
tive  to  the  electron  irradiation  conditions  such  as  dosage, 
irradiation  temperature,  and  electron  energy.  Presented 
in  Fig.  7  is  the  amplitude  of  the  longitudinal  strain  ft 
vs.  the  amplitude  of  the  applied  field  measured  at  1  Hz 
at  room  temperature  for  the  irradiated  65/35  copolymers, 
which  exhibit  slim  polarization  loops.  In  the  figures,  the  re¬ 
sults  from  both  stretched  and  unstretchod  films  arc  shown. 
Similar  results  for  the  irradiated  50/50  copolymers  are  pre¬ 
sented  in  Fig.  8. 

Because  the  copolymer  film  studied  here  Ls  a  semicrys¬ 
tallinc  polymer,  effective  electrostrictivc  coefficients  Qij 
(effective  charge-related  electrostrictivc  coefficients)  are  in¬ 
troduced  to  describe  phenonientally  this  polarization  de¬ 
pendence  behavior  [18]: 

ft  =  Q33P'2  (2a) 

ft  -  Qr,P2  (2b) 

where  P  is  the  polarization,  S3  is  the  longitudinal  strain, 
and  ft  is  the  transverse  strain.  For  stretched  film,  ft  is 
the  transverse  strain  along  the  stretch  direction.  For  the 
irradiated  copolymer  exhibiting  a  slim  polarization  loop, 
it  has  been  shown  that  in  the  entire  polarization  range, 
the  electric  field-induced  strain  (5)  is  proportional  to  the 
square  of  polarization  (P)  [8] .  That  is,  as  will  be  presented 
subsequently,  the  value  of  Q  is  independent  of  the  electric 


Fig.  7.  Longitudinal  strain  amplitude  vs.  electric  field  amplitude  in 
P(VDF-TrFF)  65/35  mol%  copolymer  films  obtained  at  1  Hz  at  room 
temperature:  a)  stretched  films  and  b)  unstretchod  ones. 


field.  For  a  linear  dielectric  material,  (2)  can  be  converted 
to  the  applied  electric  field  (E)> 

S3  =  M33E 2  (3a) 

Si  =  MlaE2  (3b) 

where  is  the  effective  electric  field-related  electrostric¬ 
tivc  coefficient  and  My  and  Qy  are  related  by  the  dielec¬ 
tric  constant.  In  the  following  discussion,  Qij  and  Mij  are 
termed  as  charge  and  field  eloctrostrictive  coefficients,  re¬ 
spectively,  for  simplicity.  For  the  copolymers  investigated 
here,  as  shown  in  Fig.  3,  the  polarization  is  not  a  linear 
function  of  field,  and  (3)  may  not  describe  the  S  ~  E 
relationship  precisely.  For  comparison  of  different  materi¬ 
als,  wc  will  still  use  Mij  to  measure  the  effectiveness  of 
the  material  in  generating  strain  under  a  given  field.  Mij 
presented  in  the  following  is  defined  as 

Sap  =  My  Ely  (4) 

where  Sap  and  Eap  are  the  amplitude  of  the  strain  and 
the  corresponding  applied  electric  field  amplitude,  respec¬ 
tively.  In  Table  I,  M33  calculated  for  the  longitudinal  strain 
of  the  copolymers  examined  are  presented  for  both  65/35 
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TABLE  I 

Eij.;CTROSTitiCTtvr(  CoiwioiiiNT  (~MX]  x  10 1Hrn2/V2)  A'j •  Dirkkrknt 
MlJiCTRlO  FlICUJS  AND  Q;«;j  l-’OU  DlKKKRRNT  SAMPLKS. 


-Mm 

Stretched  - — - . - - 


05/35 

50  MV/m 

100  MV/m 

150  MV/m 

(m4/C2) 

60  Mratl,  I20°C 

4.20 

2.25 

1.6* 

5.4  (±0.3) 

80  Mrad,  120°C 

1.75 

2.23 

1.68 

9.0  (±0.3) 

100  Mrad,  05°  O 

1.50 

1.39 

1.16 

6.0  (±0.4) 

80  Mrad,  95°C 

1  .63 

1.54 

1.1 

7.2  (±0.2) 

GO  Mrad,  95°G 

3.58 

2.53 

1.4* 

4.5  (±0.4) 

120  Mrad,  77°C 

1.92 

1.46 

1.10 

10.0  (±0.3) 

100  Mrad,  77°C 

1.76 

1.69 

1.25 

8.6  (±0.3) 

80  Mrad,  77° O 

3.00 

2.43 

1.57 

4.6  (4:0.2) 

100  Mrad,  RT 

0.47 

1.04 

0.80 

120  Mrad,  RT 

0.37 

1.17 

0.94 

Unstrctchcd 

05/35 

00  Mrad,  120°C 

3.57 

3.17 

1.7* 

12.0  (±0.5) 

75  Mrad,  120°C 

1.52 

1.74 

1.5* 

00  Mrad,  120°C 

1.05 

1.63 

1.24 

7.14  (±0.3) 

80  Mrad,  05°C 

1.49 

1.39 

1.17 

7.5  (±0.3) 

100  Mrad,  RT 

2.70 

2.19 

1.63 

9.0  (±0.3) 

HO  Mrad,  RT 

1.54 

1.31 

1.00 

5.7  (±0.2) 

180  Mrad,  RT 

0.64 

1.12 

Unstrctchcd 

50/50 

80  Mrad,  RT 

1.85 

100  Mrad,  RT 

2.01 

1.97 

1.58 

8.0  (±0.7) 

120  Mrad,  RT 

0.56 

0.57 

0.53 

5.7  (±0.2) 

35  Mrad,  120° C 

4.50 

2.00 

40  Mrad,  120°C 

5.10 

2.10 

1.20 

9.9  (±0.2) 

70  Mrad,  120°C 

1.30 

1.17 

0.97 

10.6  (±0.3) 

Stretched 

50/50 

40  Mrad,  95°C 

1.15 

0.91 

0.73* 

4.2  (±0.2) 

00  Mrad,  77° C 

2.23 

2.11 

1.50 

11.8  (±0.3) 

35  Mrad,  120°C 

4.04 

2.20 

1.50 

13.0  (±0.5) 

40  Mrad,  I20°C 

3.74 

1.05* 

80  Maw I,  RT 

1.45 

1.31 

1.0* 

12.8  (±0.5) 

70  Maul,  RT 

1.55 

1.28 

*Thc  data  were  extrapolated  to  the  electric  field. 


and  50/50  compositions  under  different  irradiation  condi¬ 
tions  for  three  driving  field  amplitudes,  50,  100,  and  150 
MV/m.  Because  of  the  nonlinear  relationship  between  P 
and  E,  M33  varies  with  the  field  amplitude.  The  data 
in  Table  1  reveal  that,  in  most  cases,  for  the  slim  loop 
copolymers,  Mx\  decreases  with  dosage,  which  is  consis¬ 
tent  with  the  result  in  Fig.  3,  where  the  induced  polar¬ 
ization  decreases  with  dosage.  Because  of  the  nonlinear 
relationship  between  P  and  E  and  the  saturation  of  P  at 
high  fields,  there  are  deviations  from  this  general  rule.  To 
illustrate  these  features  more  clearly,  A/33  as  a  function  of 
dosage  under  different  applied  field  amplitude  is  presented 
in  Fig.  9  for  selected  copolymers. 

The  copolymers  in  Table  I  can  be  divided  into  four 
groups:  stretched  films  of  65/35,  stretched  films  of  50/50, 


unstretched  films  of  65/35,  and  imstretched  films  of  50/50. 
Among  the  irradiation  conditions  investigated  for  each 
group,  there  is  one  irradiation  condition  that  yields  the 
highest  A/33  and,  hence,  the  highest  longitudinal  strain. 
Based  on  the  DSC  data,  it  is  found  that  the  crystallinity  of 
the  samples  exhibiting  high  strain  response  is  about  60%. 
In  Fig.  10,  A/33  from  the  best  performed  samples  of  each 
group  is  plotted  as  a  function  of  applied  field  amplitude. 
The  data  in  the  figure  indicate  the  following  interesting 
features.  1)  At  low  fields,  stretched  films  yield  better  strain 
response  than  unstretched  films;  at  high  fields,  this  differ¬ 
ence  is  not  significant.  2)  65/35  copolymer  generates  higher 
strain  response  than  50/50  copolymer.  Therefore,  consid¬ 
ering  the  reduced  manufacturing  cost  and  increased  relia¬ 
bility  of  unstretchcd  films,  65/35  unstrctchcd  films  should 
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Electric  Field  (MV/m) 

Fig.  8.  Longitudinal  strain  amplitude  vs.  electric  field  amplitude  in 
P(VDF-TrFE)  50/50  mol%  copolymer  films  obtained  at  1  Hz  at  room 
temperature:  a)  stretched  ones  and  b)  unstretched  ones. 


Fig.  9.  Value  of  M33  vs.  dosage  for  the  different  samples:  a)  stretched 
65/35  irradiated  at  95°  C  and  b)  unstretched  65/35  irradiated  at 
120°  C. 


Fig.  10.  Values  of  A/33  vs.  electric  field  for  the  sample  with  the  best 
performance  in  each  group  from  Table  I. 

be  preferred  for  the  longitudinal  strain  electromechanical 
transducer  applications.  As  will  be  discussed,  one  addi¬ 
tional  reason  for  choosing  unstretched  films  for  longitu¬ 
dinal  electromechanical  transducer  application  is  the  very 
low  transverse  strain  response  in  unstretched  films. 

Now  we  discuss  the  results  from  the  transverse  strain 
responses  of  the  irradiated  copolymers  with  slim  polariza¬ 
tion  loop.  For  unstretched  films,  the  transverse  strain  is 
quite  small,  and,  in  most  of  the  films  examined,  the  am¬ 
plitude  ratio  between  the  transverse  strain  (Si)  and  longi¬ 
tudinal  strain  is  less  than  0.33.  This  feature  is  attractive 
for  many  devices  utilizing  the  longitudinal  strain,  such  as 
ultrasonic  transducers  in  the  thickness  mode  and  actuators 
and  sensors  making  use  of  the  longitudinal  electromechan¬ 
ical  responses  of  the  material.  For  example,  a  very  weak 
transverse  electromechanical  response  in  comparison  with 
the  longitudinal  one  can  significantly  reduce  the  influence 
of  lateral  modes  on  the  thickness  resonance  and  improve 
the  performance  of  the  transducer. 

On  the  other  hand,  for  stretched  films,  a  large  trans¬ 
verse  strain  can  bo  achieved  as  shown  in  Fig.  11,  which  is 
taken  from  the  strain  measured  along  the  stretch  direction 
for  65/35  and  50/50  copolymers.  The  Mm  coefficient  from 
the  transverse  strain  (Si)  along  the  stretch  direction  for 
both  65/35  and  50/50  copolymer  films  under  different  irra¬ 
diation  conditions  is  summarized  in  Table  II.  Comparison 
between  Table  I  and  Table  II  indicates  that  |  S%  |  can  reach 
as  high  as  |  5a  |  (e.g.,  65/35  irradiated  at  95°C).  In  ad¬ 
dition,  Si  from  the  65/35  copolymer  is  much  higher  than 
that  from  50/50  copolymer,  as  shown  in  Fig.  12,  which  is 
different  from  the  longitudinal  strain  whore  the  difference 
is  not  so  large.  Hence,  for  transverse  strain  actuation  ap¬ 
plications,  stretched  65/35  copolymer  is  the  clear  choice. 

C.  Effective  Charge  Related  Electrostrictive  Coefficients 

Although  Mij  varies  with  the  applied  field  ampli¬ 
tude  as  discussed  previously,  it  is  found  that  the  charge 
electrostrictive  coefficient  (Q)  remains  constant  in  the 
same  electric  field  range.  The  experimental  results  for  the 
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TABLE  II 

Flectrohtuiotive  Coekkici ent  X  10 1Hm?/V‘2)  AT  Diffident 

ELECTRIC  FIELDS  AND  Qm  FOR  DIFFERENT  SAMPLES. 


Stretched 

50/50 

Ml  3 

■  Qi:i 
(m4/C2) 

50  MV/m  100  MV/m 

150  MV/m 

60  Mrad,  77°C 

1. 22 

0.95 

0.6* 

4.3  (±0.2) 

40  Mrad,  95° C 

1.59 

0.91 

0.46* 

2.6  (±0.2) 

GO  Mrad,  95°C 

1.14 

1.03 

0.80* 

6.4  (±0.3) 

80  Mrad,  95° C 

0.635 

0.627 

100  Mrad,  95°C 

0.53 

0.57 

0.50 

11.0  (±0.4) 

Stretched 

65/35 

80  Mrad,  77°C 

2.30 

1.95 

100  Mrad,  77° C 

1.01 

120  Mrad,  77°C 

1.18 

1.21 

1.14* 

10.3  (±0.4) 

60  Mrad,  S5°C 

3.27 

2.75* 

4.0  (±0.2) 

80  Mrad,  95° C 

1.41 

1.53* 

6.9  (±0.3) 

100  Mrad,  95°C 

. . 

1.32 

1.37 

1  j.1 . n  i 

1.02 

<3.5  (±0.3) 

*Tho  data  wore  extrapolated  to  the  electric  field. 


Fig.  11.  Transverse  strain  amplitude  vs.  electric  field  amplitude  in 
stretched  P(VDF-TVFE)  copolymer  films  obtained  at  1  Hz  at  room 
temperature:  a)  05/35  and  b)  50/50.  The  transverse  strain  is  the 
strain  response  along  the  stretching  direction. 


Fig.  12.  Value  of  M\d  vs.  dosage  for  samples  with  the  best  perfor¬ 
mance  in  the  stretched  50/50  and  65/35,  respectively. 


stretched  65/35  copolymer  film  irradiated  at  95° C  with 
60  Mrad  are  shown  in  Fig.  13(a)  and  (b)  for  the  electric 
field  dependence  of  Mm  and  Qm,  respectively.  The  con¬ 
stant  of  Q  indicates  that  the  relationship  between  strain 
response  and  the  polarization  square  is  indeed  linear  as 
described  by  (2).  This  indicates  that  the  change  in  Mij 
with  field  is  Indeed  caused  by  the  nonlinear  P  ~  E  rela¬ 
tionship.  To  illustrate  this,  in  Fig.  13(c),  the  change  of  the 
effective  dielectric  constant  with  driving  field  amplitude 
for  the  same  copolymer  is  presented. 

The  values  of  Qij  determined  using  (2)  are  also  listed 
in  Table  I  and  Table  II.  It  appears  that  there  is  no  signifi¬ 
cant  difference  in  between  50/50  copolymer  mid  65/35 
copolymer.  However,  there  seems  to  be  a  trend  that  the 
amplitude  of  in  films  with  higher  induced  polarization 
(hence,  higher  crystallinity)  is  smaller  than  that  in  films 
with  lower  induced  polarization.  This  is  shown  in  Fig.  14, 
where  the  polarization  level  (Pm)  for  the  samples  under  an 
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Electric  Field  (MV/m) 

Fig.  13.  Electric  field  dependence  of  some  physical  constants  at 
room  temperature  in  stretched  65/35  copolymer  film  irradiated  at 
95° C  with  60  Mrad:  a)  Mm  vs.  electric  field,  b)  Qm  vs.  electric 
field,  and  c)  effective  dielectric  constant  vs.  electric  field. 


P,(mC/m2) 

Fig.  14.  Q33  and  Qvj,  vs.  polarization  level  of  the  samples  under  an 
external  electric  field  of  150  MV/m:  a)  stretched  65/35  films  and  b) 
stretched  50/50  films. 

be  related  to  the  polarization  in  the  crystalline  phase  Pc 
and  amorphous  phase  Pa  by  the  logarithmic  law  of  mixing 
observed  for  many  diphaso  0-3  composites  [20]: 

Lofj(P)  =  v clog (Pc)  +  vAlofj(P/ i)  .  (6) 

In  the  crystalline  region  and  amorphous,  we  will  have 


external  electric  field  of  150  MV/m  is  used.  In  other  words, 
under  the  same  irradiation  temperature,  |  Qij  |  increases 
with  dosage  (except  for  those  irradiated  at  room  tempera¬ 
ture).  Furthermore,  the  |  Qij  |  obtained  here  seems  higher 
than  those  predicted  for  the  intrinsic  single  crystal  values 
of  P(VDF-TrFE)  copolymers  [19].  The  behaviors  observed 
here  can  be  qualitatively  understood  by  the  morphology 
of  the  copolymer,  which  is  a  somicrystallino  polymer. 

To  illustrate  this,  consider  the  hydrostatic  electrostric- 
tive  coefficient  (Qk)  as  an  example  where  Sv  —  QkP'2  and 
Sv  is  the  volume  strain.  For  a  polymer  with  a  composite 
morphology,  the  total  volume  strain  Sv  will  be  the  sum¬ 
mation  of  that  from  the  crystalline  phase  Scv  and  the 
amorphous  phase  SAv- 

Sv  —  vcScv  +  vaSav  (5) 

where  vc  and  vA  (=  1  —  vc)  arc  the  volume  fraction  of  the 
crystalline  and  amorphous  phases,  FVom  an  early  study, 
it  was  found  that  in  the  irradiated  P(VDF-TrFE)  copoly¬ 
mer,  the  total  polarization  P  measured  from  a  film  can 


Sc«  =  QhcPc  (7a) 

SAv  =  QhaP2a  (7b) 

where  Qhc  and  Qua  are  the  effective  hydrostatic  elce- 
trostrictive  coefficients  in  the  crystalline  and  amorphous 
regions,  respectively.  Combining  (5)  to  (7)  yields 

+  (8) 

where  n  ~  PC/PA>  From  the  pyroelectric  study  of  the  uni- 
axially  stretched  PVDF,  it  was  found  that  the  value  of  n 
is  about  7.5  [21].  For  the  irradiated  P(VDF-TrPE)  50/50 
copolymer,  it  was  found  that  the  value  of  n  is  about  9.0 
[20].  Using  n  =  8  as  an  example  here,  the  ratio  of  Qh/Qhc 
as  a  function  of  the  crystallinity  vc  in  the  polymer  is  pre¬ 
sented  in  Fig.  15  using  (8),  where  the  ratios  of  QhA/QhC 
with  0.5,  1,  and  2  were  used.  The  figure  shows  that  over 
most  of  the  crystallinity  range,  the  ratio  of  Qh/Qhc  is 
larger  than  1,  and  it  seems  that  this  result  is  not  very  sen¬ 
sitive  to  the  QkA  value  of  the  amorphous  phase.  That  is, 
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Fig.  15.  Crystallinity  (vc)  dependence  of  calculated  Qh  through  (7) 
where  n  =  8  is  used  and  Qua/Quc  is  0.5,  1,  and  2,  respectively. 


the  measured  electrostrictive  coefficient  from  the  compos¬ 
ite  is  higher  than  that  of  the  crystallite  when  Pc /Pa  »1, 
which  may  be  consistent  with  the  observation  here  that  the 
measured  electrostrictive  coefficients  increase  with  irradi¬ 
ation  doses. 

In  (7b),  QftA  is  used  as  an  effective  electrostrictive  co¬ 
efficient  to  describe  the  S  ~  P  relationship  in  the  amor¬ 
phous  region.  In  reality,  the  Maxwell  stress-induced  strain 
response,  which  is  duo  to  the  Coulombic  force  between  the 
free  changes  in  the  electrodes,  can  be  quite  significant  in 
an  amorphous  polymer  [6],  [22],  [23].  Therefore,  the  ef¬ 
fective  coefficient  Qua  also  includes  the  contribution  from 
this  part,  and,  in  the  measured  total  electrostrictive  co¬ 
efficient  Q ,  there  will  be  contributions  from  the  Maxwell 
stress.  In  the  samples  with  very  high  irradiation  dosages, 
which  result  in  a  low  crystallinity,  the  contribution  from 
the  Maxwell  stress  effect  can  be  significant.  However,  as 
has  been  discussed  in  an  early  publication  and  also  re¬ 
vealed  by  a  recent  X-ray  study  of  irradiated  films  un¬ 
der  different  electric  fields  [7],  [12],  [17],  in  the  irradiated 
copolymers  with  very  high  strain  responses,  the  main  con¬ 
tribution  is  due  to  the  local  FE  transformation  and  hence, 
the  field-induced  strain  is  electrostrictive  in  nature. 

The  temperature  dependence  of  the  electric  field- 
induced  strain  in  the  irradiated  copolymers  was  also  stud¬ 
ied.  Presented  in  Fig.  16(a)  is  the  transverse  strain  along 
the  stretching  direction  for  65/35  copolymer  irradiated 
at  95° C  with  60  Mracl.  The  electric  field  induced  strain 
increases  with  reduced  temperature  arid  reaches  a  broad 
peak  al;  just  below  room  temperature.  For  comparison,  the 
clastic  modulus  along  the  stretching  direction  is  also  shown 
in  Fig.  16(b).  The  increase  of  the  field-induced  strain  with 
reduced  temperature  and  the  existence  of  a  broad  peak 
arc  typical  signatures  of  rclaxor  FE  associated  with  the 
increase  of  the  local  polarization  in  the  material  and  in¬ 
creased  normal  FE  behavior  as  the  temperature  is  low¬ 
ered  [24].  This  is  clear  experimental  evidence  that  in  the 
copolymers  studied  hero,  the  strain  response  is  from  the 
local  polarization  and  hence,  electrostrictive.  If  the  strain 


Fig.  16.  For  the  stretched  65/35  film  irradiated  at  95° C  with  60  Mracl: 
a)  temperature  dependence  of  the  transverse  strain  along  the  stretch 
direction  at  different  electric  fields  and  b)  temperature  dependence 
of  the  elastic  modulus  along  the  stretching  direction  at  different  fre¬ 
quencies. 

response  is  mainly  from  the  Maxwell  stress  effect,  as  has 
been  observed  in  the  ficld-induccd  strain  response  in  a 
jjolyurothano  elastomer  [23],  [25],  one  would  expect  a  de¬ 
crease  of  the  field-induced  strain  as  the  temperature  is 
reduced  because  the  clastic  modulus  increases  as  the  tem¬ 
perature  is  lowered 


IV.  Summary 

The  effect  of  high  energy  electron  (2.55  MoV)  irra¬ 
diation  on  the  polarization  and  dielectric  behaviors  and 
the  electromechanical  properties  of  P(VDF-TrFE)  50/50 
and  65/35  copolymer  films  is  reported.  The  results  show 
that  the  electron  irradiation  transforms  the  normal  FE 
P(VDF-TrFE)  copolymer  into  a  rclaxor  FE  with  ultra- 
high  electrostrictive  strain.  It  also  shows  that  in  addition 
to  this  transformation,  the  irradiation  also  converts  the 
crystalline  phase  into  amorphous  phase,  causing  a  reduc¬ 
tion  in  the  polarization  level  of  the  polymer.  To  further 
increase  the  strain  response  and  elastic  energy  density,  it 
is  necessary  to  reduce  this  latter  process. 

Among  the  two  copolymers  investigated,  we  found  that 
the  65/35  copolymer  is  preferred  for  both  longitudinal  and 
transverse  strain  generation.  Although  the;  difference  in  the 
longitudinal  strains  generated  by  65/35  and  50/50  copoly- 
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mcrs  is  not  very  large,  the  transverse  strain  along  the 
stretching  direction  from  65/35  is  much  larger  than  that 
from  50/50  copolymer.  Among  the  copolymers  exhibit¬ 
ing  slim  polarization  hysteresis  loop  and  electrostrictive 
strain,  we  found  that,  in  general,  the  electric  field-induced 
strain  decreases  as  the  irradiation  dosage  increases,  caused 
by  the  reduction  of  the  crystallinity  in  the  polymer  by 
the  irradiation.  This,  plus  the  temperature  dependence  of 
the  field-induced  strain,  indicates  that  the  electric  field- 
induced  strain  is  clue  to  the  responses  of  local  polar  re¬ 
gions  in  the  rclaxor  P(VDF-TYFE)  copolymer  and,  hence, 
confirms  the  electrostrictive  nature  of  the  strain  response. 
As  a  result  of  this  and  the  scmicrystalline  morphology  of 
the  copolymers,  the  effective  charge-related  electrostric¬ 
tive  coefficient  (£*>)  measured  from  irradiated  copolymers 
is  higher  than  those  from  the  intrinsic  crystalline  phase  and 
shows  an  increase  with  the  irradiation  dosages.  A  simple 
model  is  presented  to  support  this  observation. 
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Electromechanical  coupling  factor  is  one  of  the  most  important  parameters  for  measuring  the  performance  of  materials  for 
electromechanical  transduction  applications.  In  this  paper,  we  will  show  that  a  transverse  electromechanical  coupling  factor 
&3i  of  more  than  0.45  can  be  achieved  in  poly(vinylidene  fluoride-trifluoroethylene)  [P(VDF-TrFE)]  copolymer  under  certain 
electron  irradiation  treatment  conditions.  In  addition,  the  effective  piezoelectric  coefficients  of  the  irradiated  copolymer  have 
been  found  to  increase  markedly  in  comparison  to  non-irradiated  copolymers.  Experimental  evidences  also  indicate  that  the 
improved  electrostrictive  strains  in  irradiated  copolymer  films  can  be  maintained  over  a  broad  frequency  and  temperature  range. 
KEYWORDS:  electrostriction,  P(VDF-TrFE),  piezoelectric,  coupling  coefficient 


1.  Introduction 

As  the  best  known  electromechanical  polymers, 
polyvinylidene  fluoride  (PVDF)  and  its  copolymers  with 
trifluoroethylene  (TrFE)  have  been  extensively  investigated  in 
the  past  thirty  years  for  a  wide  range  of  applications  such  as 
artificial  muscles,  electromechanical  transducers,  and  electric 
energy  generation  from  ocean  powers. 1-4)  Although  the 
P(VDF-TrFE)  copolymers  possess  the  highest  piezoelectric 
coefficients  and  electromechanical  coupling  factors  among 
all  the  known  polymers,  they  are  still  far  below  those  from 
the  piezoceramics.  For  example,  the  longitudinal  coupling 
factor  &33  for  single  crystal  P(VDF-TrFE)  75/25  mol% 
copolymer  is  below  0.3,  and  other  coupling  factors  have 
even  lower  values.  The  piezoelectric  coefficients  of  these 
polymers  at  room  temperature  are  also  below  40pm/V.5-7) 
Therefore,  continuous  efforts  are  being  made  to  improve  the 
electromechanical  properties  of  these  copolymers  by  using 
different  approaches.8-1 2) 

We  have  reported  recently  that  by  using  high-energy 
electron  irradiation,  the  electromechanical  properties  of 
P(VDF-TrFE)  copolymers  such  as  field-induced  electrostric¬ 
tive  strains  along  both  longitudinal  and  transverse  directions 
can  be  improved  significantly.13, 14)  In  the  present  study,  we 
report  that  under  a  proper  electron  irradiation  condition,  an 
electromechanical  coupling  factor  k31  =  0.45  (transverse 
coupling  factor)  can  be  reached  in  the  irradiated  copolymers, 
which  is  much  higher  than  those  in  the  non-irradiated  copoly¬ 
mers  (&33  <  0.3  and  k 3]  <  0.15)  and  even  higher  than  the  fc3i 
value  in  most  of  the  piezoceramics. 5_7, 15)  Since  the  energy 
conversion  efficiency  is  proportional  to  the  square  of  the  cou¬ 
pling  factor,  this  improvement  is  significant. 16)  In  addition, 
we  will  present  the  results  showing  that  the  irradiated  copoly¬ 
mer  can  maintain  their  high  strain  level  to  higher  frequencies 
and  over  a  relative  broad  temperature  range. 

2.  Experimental 

The  data  reported  in  this  article  are  taken  from  the 
P(VDF-TrFE)  68/32  mol%  copolymer  films,  which  exhibit 
the  best  electromechanical  properties  among  the  copoly- 
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mers  investigated. 13,14,17)  The  copolymer  powder  was  pur¬ 
chased  from  Solvay  and  Cie,  Belgium.  The  non-stretched 
and  stretched  (4.5  x)  films  of  thickness  ~20-25/xm  were 
prepared  by  extrusion  and  casting  from  A, N-di methyl  for- 
mamide  (DMF)  solvent,  respectively.  The  non-stretched  films 
were  used  to  investigate  the  longitudinal  strain  response  (the 
strain  along  the  thickness  direction).  As  has  been  shown  ear¬ 
lier,  in  order  to  obtain  a  high  transverse  strain,  a  stretched 
copolymer  film  should  be  used.17)  In  order  to  improve  the 
crystallinity  and  also  to  remove  the  residual  solvent  from  the 
solution  cast  films,  the  films  were  annealed  at  140°C  for  16  h 
before  the  irradiation.  The  electron  irradiation  was  carried  out 
using  1  MeV  electrons  at  National  Institute  of  Standards  and 
Technology,  and  1 .2  MeV  electrons  at  the  Massachusetts  In¬ 
stitute  of  Technology.  In  both  the  cases  the  irradiation  was 
carried  out  in  a  nitrogen  atmosphere  at  temperatures  near 
100°C  for  the  irradiation  doses  ranging  from  60  to  75  Mrad. 

The  strains  along  the  thickness  direction  (longitudinal 
strain,  S3)  and  the  stretching  direction  (transverse  strain.  Si) 
were  measured  using  a  piezo-bimorph-based  sensor  and  a 
cantilever-based  dilatometer,  respectively.17, 18)  Both  set-ups 
were  designed  and  developed  specifically  for  strain  measure¬ 
ment  in  polymer  thin  films.  In  the  piezo-bimorph  set-up,  the 
strain  in  the  polymer  films  generates  a  deflection  in  the  piezo- 
bimorph,  which  in  turn,  produces  an  electric  signal  output  due 
to  the  piezoelectric  effect.  In  the  cantilever-based  dilatometer 
set-up,  one  end  of  the  polymer  is  fixed  and  the  other  end  is  at¬ 
tached  to  a  plastic  cantilever.  The  transverse  strain  in  the  films 
causes  the  deflection  of  the  tip  of  the  cantilever,  which  is  mea¬ 
sured  by  a  photonic  sensor.  A  laser  interferometer  set-up  was 
used  to  measure  the  electrostrictive  strain  at  higher  frequen¬ 
cies  (up  to  5  kHz  which  was  the  limit  of  the  voltage  amplifier 
used).19)  The  Sawyer-Tower  technique  was  used  to  measure 
the  polarization  response  in  the  films  at  10  Hz  frequency. 

3.  Results  and  Discussion 

Figure  1(a)  presents  the  amplitude  of  electric  field-induced 
transverse  strain  at  1  Hz  near  room  temperature  obtained 
from  the  stretched  copolymer  films  irradiated  at  100°C  using 
1 .2  MeV  electrons  with  70  Mrad  dose.  The  transverse  strain 
S\  ~  3.3%  under  the  electric  field  of  105  MV/m  is  observed. 
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Fig.  1.  (a)  The  dependence  of  electric  field  induced  transverse  strain  (Si) 

on  electric  field  strengths  at  different  temperatures,  the  solid  curves  are 
drawn  to  guide  eyes;  (b)  the  polarization  hysteresis  loop  (solid  curve)  mea¬ 
sured  at  30° C,  where  the  circles  (O)  are  the  average  polarization  of  the  ob¬ 
served  polarization  loop,  while  the  solid  line  passes  the  circles  is  the  fitted 
result  using  eq.  (2).  The  material  is  stretched  68/32  mol%  P(VDF-TrFE) 
copolymer  films  irradiated  at  100°C  with  1.2  MeV  electrons  for  70Mrad 
dose. 


which  is  higher  than  the  transverse  strain  obtained  at  a  sim¬ 
ilar  field  for  copolymers  irradiated  with  2.55  MeV  electrons, 
as  reported  earlier. i4, 17) 

The  quasi-static  electromechanical  coupling  factor  for  elec- 
trostrictive  materials  has  been  derived  by  Horn  etal .,20)  where 
the  coupling  factor  depends  on  the  induced  polarization  level 
Pb  and  strain  5/  under  a  given  electrical  field,  i.e., 


(1) 


where  /  =  1  or  3,  corresponding  to  the  transverse  or  longi¬ 
tudinal  direction  (for  example,  &31,  is  the  transverse  coupling 
factor)  and  s?  is  the  elastic  compliance  under  constant  polar¬ 
ization.  The  polarization-field  ( P-E )  relation  is  assumed  to 
be 

(2) 


E  (MV/m) 

Fig.  2.  The  change  in  the  (a)  elastic  modulus  with  temperature;  (b)  elec¬ 
tromechanical  coupling  factor  (£31)  with  applied  electric  field  at  different 
temperatures  (here  the  solid  curves  are  drawn  to  guide  eyes);  measured  for 
stretched  68/32  mol%  P(VDF-TrFE)  copolymer  films  irradiated  at  100°C 
with  1.2  MeV  electrons  for  70Mrad  dose. 


where  Ps  is  the  saturation  polarization  and  k  is  a  constant. 
As  can  be  seen  from  Fig.  1(b),  the  averaged  polarization  loop 
can  be  quite  well  fitted  by  eq.  (2).  Using  these  data  along 
with  the  elastic  modulus  shown  in  Fig.  2(a),  the  quasi-static 
transverse  coupling  factor  &31  is  calculated  and  presented  in 
Fig.  2(b).  As  can  be  seen,  at  near  room  temperature,  &31 
is  more  than  0.45,  which  is  much  higher  than  that  of  non- 
irradiated  P(VDF-TrFE)  copolymers  and  even  higher  than  &31 


T(°C) 


Fig.  3.  The  longitudinal  strain  (S3)  as  a  function  of  temperature  mea¬ 
sured  under  147  MV/m  and  1  Hz  driving  electric  field  for  unstretched 
68/32  mol%  P(VDF-TrFE)  copolymer  films  irradiated  at  100°C  with 
1 .0  MeV  electrons  for  70  Mrad  dose.  Data  points  are  shown  and  the  solid 
curve  is  drawn  to  guide  eyes. 
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from  most  of  the  piezoceramics.15)  Since  in  many  applications 
such  as  mico-electro-mechanical-systems  (MEMS),  electrical 
power  generation  from  ocean  waves,  and  artificial  muscles,  it 
is  the  transverse  strain  that  is  often  used,  a  high  transverse 
coupling  factor,  therefore,  is  highly  desirable.4, 2 1-23) 

The  variation  in  longitudinal  strain  (S3)  at  1  Hz  with  tem¬ 
perature  is  presented  in  Fig.  3,  where  S3  of  near  —5%  can 
be  induced  by  an  electric  field  of  147  MV/m  for  unstretched 
copolymer  films  irradiated  at  105°C  with  70Mrad  dose  of 
1  MeV  electrons.  As  can  be  observed  that  the  induced  strain 
is  almost  constant  up  to  80°C.  Furthermore,  the  frequency  ef¬ 
fect  on  the  field-induced  strain,  which  is  important  for  many 
actuator  and  transducer  applications,  was  also  characterized  at 
near  room  temperature.  The  bimorph  based  set-up  was  used 
to  measure  the  strain  response  in  the  frequency  range  from 
1  Hz  to  near  100  Hz  and  a  laser  interferometer  was  utilized 
to  measure  strain  at  higher  frequencies  (up  to  5  kHz).  .The  S3 


Fig.  4.  The  ratio  of  longitudinal  strain  (S3)  at  higher  frequencies  to  the 
strain  at  1  Hz  (open  circles)  as  a  function  of  frequency  measured  using 
laser  interferometer  at  temperatures  of  (a)  25°C,  and  (b)  33°C;  for  un¬ 
stretched  68/32  mol%  P(VDF-TrFE)  copolymer  films  irradiated  at  105°C 
with  1.0  MeV  electrons  for  70Mrad  dose.  For  the  comparison,  the  change 
in  the  square  of  the  ratio  of  the  polarization  at  higher  frequencies  to  polar¬ 
ization  at  1  Hz  as  a  function  of  frequency  is  also  shown  (solid  dots).  The 
strain  data  (cross  dots)  measured  using  the  bimorph  based  sensor  is  also 

presented,  (c)  The  normalized  electrostrictive  coefficient  Q\\{Q-S/P  ) 

as  a  function  of  frequency  for  the  two  temperatures  measured.  The  sym¬ 
bols  here  are  the  data  points  and  the  curves  are  drawn  to  guide  eyes. 


data  obtained  from  both  set-ups  are  presented  in  Figs.  4(a)  and 
4(b).  At  lower  frequencies  (<50Hz),  the  laser  interferometer 
has  relatively  large  error  in  the  strain  measurement  due  to  the 
environment  noise.  In  the  overlapped  frequency  range,  the 
data  measured  from  the  bimorph  sensor  and  from  the  laser  in¬ 
terferometer  is  consistent  with  each  other  within  the  error  bar. 
The  result  shows  that  the  electrostrictive  strain  extrapolated  to 
10  kHz  remains  to  be  more  than  50%  of  the  value  at  1  Hz  (over 
4  frequency  decades).  For  the  comparison,  the  polarization 
level  was  also  measured  in  the  same  frequency  range  using 
the  Sawyer-Tower  circuit.  Since  the  electrostrictive  strain  S 
is  proportional  to  the  square  of  the  polarization  P  (S  —  QP 2, 
where  Q  is  the  electrostrctive  coefficient),  the  change  in  the 
square  of  the  polarization  with  frequency  is  also  presented  in 
Fig.  4.  Apparently,  the  dispersion  of  the  square  of  the  polar¬ 
ization  is  smaller  than  that  of  the  strain.  Making  use  of  the 
strain  and  polarization  data,  the  electrostrctive  coefficient  Q 
is  determined  and  is  shown  in  Fig.  4(c).  As  indicated  by  the 
data,  there  is  a  small  decrease  of  Q  with  frequency  which  sug¬ 
gests  that  there  is  a  change  of  the  polarization  response  with 
frequency  and  the  low  frequency  component  of  the  polariza¬ 
tion  is  more  effective  in  generating  the  strain  response.  This 
behavior  is  analogous  to  the  one  observed  in  the  relaxor  ferro¬ 
electric  ceramic,  PbMgi/3Nb2/303,  where  due  to  the  change 
in  the  polarization  response  with  temperature,  Q  exhibits  a 
large  variation.24)  In  the  irradiated  copolymer,  the  polariza¬ 
tion  response  can  be  from  several  different  sources  such  as 
the  rotation  of  dipoles  and  the  local  phase  transformation  due 


Fig.  5-  (a)  The  elastic  modulus  as  a  function  of  temperature;  (b)  the  elec¬ 

tromechanical  coupling  factor  (£33)  as  a  function  of  driving  electric  field 
at  different  temperatures  (data  points  are  presented  and  solid  curves  are 
drawn  to  guide  eyes);  for  unstretched  68/32  mol%  P(VDF-TrFE)  copoly¬ 
mer  films  irradiated  at  105°C  with  1.0 MeV  electrons  for  70Mrad  dose. 
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Fig.  6.  Effective  piezoelectric  coefficients;  (a)  d\ f  measured  for  stretched 
P(VDF-TrFE)  copolymer  films  irradiated  at  100°C  with  70Mrad  using  the 
1.2  MeV  electrons,  and  (b)  measured  for  unstretched  P(VDF-TrFE) 
copolymer  films  irradiated  at  100° C  with  70  Mrad  using  the  1 .0  MeV  elec¬ 
trons.  The  symbols  here  are  the  data  points  and  the  curves  are  drawn  to 
guide  eyes. 


to  the  expansion  and  contraction  of  the  local  polar-regions. 

Making  use  of  eq.  (1)  with  the  elastic  modulus  [Fig.  5(a)] 
and  polarization  data,  the  longitudinal  coupling  factor  (£33)  at 
1  Hz  is  determined  and  presented  in  Fig.  5(b).  At  near  room 
temperature  and  under  80  MV/m  electric  field,  jfc33  of  more 
than  0.3  is  achieved. 

Although  after  irradiation  at  temperatures  near  and  above 
room  temperature  the  copolymer  behaves  as  an  electrostric- 
five  material,  to  compare  it  with  other  electromechanical  actu¬ 
ator  materials,  an  effective  piezoelectric  coefficient  is  defined 
here  as  the  ratio  of  the  induced  strain  versus  applied  unipo¬ 
lar  ac  electric  field  [5// £3,  where  i  —  1  is  for  the  effective 
transverse  piezoelectric  coefficient  (dff )  and  i  —  3  for  the  ef¬ 
fective  longitudinal  coefficient  (dff  )].17)  As  seen  in  Fig.  6,  rel¬ 
atively  large  effective  piezoelectric  coefficients  are  obtained, 
and  dff  =  300  pm/V  and  d ^  =  —383  pm/V  are  observed 
under  40  MV/m  and  75  MV/m  field  for  irradiated  stretched 
and  unstretched  films,  respectively.  These  values  are  com¬ 
parable  to  the  piezoelectric  coefficient  of  conventional  piezo¬ 


ceramic  materials,  for  example  PZT-5H  (d3\  ~  -274  pm/V 
and  J33  ~  593  pm/V).15)  It  should  be  pointed  out  here  that  in 
many  soft  polymer  elastomers,  a  high  ratio  of  strain/applied 
field  can  be  achieved  due  to  the  electrostatic  force.17,25,26)  But 
because  of  the  low  elastic  modulus  of  these  polymer  elas¬ 
tomers,  the  strain  energy  density,  which  is  an  important  pa¬ 
rameter  for  choosing  a  material  as  an  actuator,  is  lower  than 
irradiated  copolymer  films.13, 14>25  26> 
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Abstract 

The  effect  of  high-energy  electron  irradiation  on  poly(vinylidene  fluoride-  trifluoroethylene)  (PVDF-TrFE)  copolymer  is 
investigated  in  a  broad  range  of  electron  doses  in  light  of  a  recent  finding  of  the  relaxor  ferroelectric  behavior  and  large 
electrostriction  in  the  material.  It  is  shown  that  although  irradiation  reduces  both  the  crystalline  and  polar  ordering,  the  two 
are  not  directly  related  to  each  other.  In  contrast  to  differential  scanning  calorimetery  (DSC)  and  X-ray  results  which  show 
that  the  copolymer  becomes  amorphous  for  higher  irradiation  dose,  the  dielectric  data  still  exhibit  relaxation  peak  which 
follows  the  Vogel-Fulcher  law,  indicating  the  presence  of  local  polar  ordering.  ©2001  Published  by  Elsevier  Science  B.V. 

Keywords:  P(VDF-TrFE);  Ferroelectricity;  DSC;  X-ray;  Structure;  Relaxor;  Polymer 


1.  Introduction 

Ferroelectric  polymers  have  attracted  much  atten¬ 
tion  for  the  last  few  decades  as  they  revealed  a  new 
aspect  of  polymers  as  functional  materials.  Among 
them,  poly(vinylidene  fluoride-trifluoroethylene) 
(P(VDF-TrFE))  copolymers  have  been  investigated 
extensively  because  the  material  exhibits  the  highest 
ferroelectric  polarization  and  electromechanical  re¬ 
sponses  among  the  known  polymers  [1,2].  However, 
the  electromechanical  properties  of  P(VDF-TrFE) 
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copolymers  are  still  one  order  of  magnitude  smaller 
than  those  from  piezoceramic  materials,  which 
severely  limit  their  applications  for  electromechani¬ 
cal  devices  [3].  Recently,  we  reported  [4,5]  that 
under  a  proper  high-energy  electron  irradiation, 
P(VDF-TrFE)  copolymers  exhibited  a  massive  elec- 
trostrictive  strain  ( >  4%)  with  high  elastic  energy 
density.  It  was  also  observed  that  a  piezoelectric 
state  can  be  induced  in  these  polymers  under  a  DC 
electric  bias  field  with  piezoelectric  constants  ap¬ 
proaching  those  of  the  best  piezoceramic  materials 
[6].  In  addition,  the  dielectric  peak  of  irradiated  films 
exhibited  a  strong  frequency  dispersion  that  followed 
the  Vogel-Fulcher  (V-F)  law  [7,8],  an  empirical  law 
which  was  observed  in  many  glass  systems  [9]  and  in 
relaxor  ferroelectric  ceramics  [10,11],  suggesting  that 


00167-577X/01/$  -  see  front  matter  ©2001  Published  by  Elsevier  Science  B.V. 
PII:  SOI 67-5 77X(00)002 19-6 


108 


V.  Bharti  et  al.  /  Materials  Letters  47  (2001)  107-111 


the  material  may  belong  to  the  relaxor  ferroelectric 
family.  In  this  letter,  we  report  the  experimental 
results  on  the  structural  evolution  and  transitional 
behavior  as  revealed  by  X-ray  diffraction,  dielectric, 
polarization  and  differential  scanning  calorimetery 
(DSC)  data  of  irradiated  films  of  P(VDF-TrFE)  at 
50/50  mol%  composition  over  a  broad  electron 
irradiation  dose  range. 


2.  Experimental 

The  P(VDF-TrFE)  (50/50  mol%)  was  supplied 
by  Solvay  and  Cie,  Belgium  and  the  molecular  weight 
of  the  polymer  is  determined  to  be  200,000.  The 
films  were  prepared  by  hot  pressing  the  powder 
sandwiched  between  two  aluminum  foils  at  215°C 
with  a  consequent  slow  cooling  to  room  temperature. 
All  the  experiments  were  performed  on  25-jxm  thick 
films.  The  irradiation  was  carried  out  using  3-MeV 
electrons  under  a  nitrogen  atmosphere  at  different 
temperatures.  The  dielectric  data  were  taken  in  the 
frequency  range  from  30  Hz  to  100  kHz,  using  a 
dielectric  analyzer  (TA  Instruments,  model  2970)  in 
the  temperature  interval  —  60°C  to  125°C  for  a  heat¬ 
ing  and  cooling  rate  of  2°C/min.  The  DSC  measure¬ 
ments  were  carried  out  using  a  differential  scanning 
calorimeter  (TA  Instruments,  model  2010)  at  a  scan¬ 
ning  rate  of  10°C/min  under  a  nitrogen  atmosphere. 
The  X-ray  pattern  was  taken  at  room  temperature 
(20°C)  using  a  diffractrometer  (Scintag  model  Pad-V) 
with  Ni-filtered  CuKa  radiation. 


3,  Results  and  discussion 

Fig.  1  presented  the  dielectric  constant  data  of 
unirradiated  and  irradiated  (from  30  to  150  Mrad) 
copolymer  films.  Consistent  with  the  early  observa¬ 
tions  [4,5],  the  effect  of  irradiation  is  to  broaden  the 
dielectric  peak  and  move  it  to  near  room  tempera¬ 
ture.  More  interestingly,  although  the  dielectric  peak 
height  drops  monotonically  with  dosage,  all  the  di¬ 
electric  data  presented  from  irradiated  films  follow 
the  V-F  law.  The  V-F  law  is  an  empirical  law  that 
holds  for  the  disorder  dipolar  systems,  which  un¬ 
dergo  freezing  of  the  relaxation  time  spectrum  below 
a  certain  temperature  (Tf),  such  as  glassy  and  relaxor 


Fig.  1.  (a)  The  dielectric  constant  measured  at  1  kHz  as  a  function 
of  temperature  for  P(VDF— TrFE)  50/50  mol%  copolymer  films, 
unirradiated  and  irradiated  at  120°C  for  different  doses.  Relation¬ 
ship  between  the  measurement  frequency  and  the  temperature  of 
the  dielectric  constant  maximum  for  two  irradiaton  doses;  (b)  30 
and  (c)  150  Mrad,  points  show  experimental  data,  and  the  lines 
are  fits  to  the  Vogel-Fulcher  law. 


ferroelectric  materials  [10],  and  can  be  defined  as: 
/=/0exp[—  U/(k(T  —  Tf))]  where  T  is  the  dielectric 
constant  peak  temperature,  /  is  the  frequency,  and  k 
is  the  Boltzman  constant.  It  was  found  that  the 
freezing  temperature  Tf  does  not  significantly  change 
with  the  irradiation  dosage.  For  instance,  for  films 
irradiated  at  30  Mrad,  Tf  =  310  K  while  at  150  Mrad, 
Tf  =  307  K. 

In  contrast,  both  the  DSC  data  (Fig.  2)  and  X-ray 
data  (Fig.  3)  show  a  large  change  in  structure  and 
transitional  behavior  in  the  polymer  as  the  dosage 
increases  from  30  to  150  Mrad.  In  unirradiated  films 
(Fig.  2a),  DSC  data  show  two  well-defined  peaks, 
one  at  160°C  and  the  other  at  65°C,  corresponding  to 
the  melting  and  ferroelectric-paraelectric  (F-P)  tran¬ 
sitions  in  the  crystalline  region,  respectively  [12].  At 
30  Mrad  irradiation  (Fig.  2b),  although  there  is  no 
marked  change  in  the  melting  peak  (except  a  slight 
drop  in  the  temperature),  the  peak  associated  with 
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Fig.  2.  DSC  thermogram  of  P(VDF-TrFE)  50/50  mol%  copoly¬ 
mer  (a)  unirradiated,  and  irradiated  at  120°C  for  (b)  30,  (c)  60,  (d) 
80,  (e)  100,  and  (f)  150  Mrad  doses. 


the  original  F-P  transition  nearly  disappears.  Careful 
inspection  of  the  data  reveals  that  F-P  transition 
peak  becomes  very  broad  and  diffuse.  When  the  dose 
is  further  increased  to  60  Mrad,  the  melting  peak 
shows  a  significant  broadening  as  well  as  a  large 
drop  in  transition  temperature  and  transition  en¬ 
thalpy.  At  100  Mrad,  the  melting  peak  could  not  be 
detected,  indicating  the  disappearance  of  the  crys¬ 
talline  phase  in  the  films  due  to  irradiation.  The 
apparent  lowering  and  broadening  of  the  melting 
peak  indicate  a  broad  distribution  in  the  crystallite 
sizes  and  reduction  in  the  crystal  ordering  in  irradi¬ 
ated  films  caused  by  the  lattice  defects,  cross-linking 
within  the  crystallites  and  at  the  crystalline- 
amorphous  interface. 

It  should  also  be  noted  that  there  is  an  important 
difference  between  the  lattice  ordering  and  the  ferro¬ 
electric  ordering.  The  lattice  ordering  is  associated 
with  the  positional  ordering  of  the  monomer  units 
while  the  ferroelectric  ordering  is  from  the  dipolar 
alignment  and  their  coupling.  Hence,  the  ferroelec¬ 
tric  ordering  can  be  destroyed  in  a  perfect  lattice  by 
the  random  introduction  of  trans-g auche  bonds  in 
polymer  chains  (such  as  a  paraelectric  phase),  while 
the  decrease  of  the  crystal  ordering  in  irradiated 
films  is  caused  by  the  lattice  defects  and  reduction  of 
the  crystallinity  due  to  the  conversion  of  the  crystal¬ 
lites  to  amorphous.  Furthermore,  local  polar  ordering 
can  persist  even  though  there  is  not  much  crystalline 
ordering  as  observed  in  liquid  crystals  [13].  It  is 
interesting  to  note  here  that  although  the  enthalpy  of 


the  melting  peak  becomes  zero  at  100  Mrad,  the 
enthalpy  of  the  broad  peak  associated  with  the  origi¬ 
nal  P-F  transition  increases  slightly  at  100  Mrad, 
suggesting  a  slight  increase  of  the  local  polar  order¬ 
ing  in  the  copolymer.  For  films  irradiated  with  150 
Mrad,  the  DSC  data  do  not  show  any  detectable 
features  associated  with  the  melting  and  polar 
order-disorder  process. 

We  now  analyze  the  evolution  of  the  X-ray 
diffraction  data  with  electron  dose.  These  measure¬ 
ments  were  taken  at  20°C,  just  below  the  temperature 
of  the  dielectric  constant  maximum  (about  40°C)  of 
irradiated  films  (Fig.  3).  As  expected,  the  unirradi¬ 
ated  film  (Fig.  3a)  exhibits  two  closely-spaced  peaks 
at  18.79°  and  19.28°,  corresponding  to  d  spacings 
4.72  and  4.59  A,  respectively.  The  one  at  18.79° 
appears  due  to  the  presence  of  ferroelectric  (3-phase, 
which  has  an  orthorhombic  structure  with  (110)  and 
(200)  reflections  nearly  at  the  same  position 
(pseudo-hexagonal  at  the  plane  perpendicular  to  the 
polymer  chain  direction).  The  one  at  18.79°  is  from 
the  60°  domain  structure,  which  can  be  reduced  or 
eliminated  by  drawing  or  high  voltage  poling  [14]. 
Upon  30  Mrad  irradiation,  only  one  peak  is  observed 
at  the  lower  angle,  indicating  the  expansion  of  the 
crystal  lattice  due  to  the  introduction  of  trans-gauchc 
bonds  as  observed  in  FTIR  data  and  hence,  a  reduc¬ 
tion  of  ferroelectric  ordering  [15].  The  finding  here  is 


29 

Fig.  3.  The  X-ray  diffraction  pattern  of  P(VDF-TrFE)  50/50 
mol%  copolymer  films,  (a)  unirradiated,  and  irradiated  at  120°C 
using  (b)  30,  (c)  60,  (d)  80,  (e)  100  and  (f)  150  Mrad  doses.  The 
arrows  indicate  the  position  of  the  broad  peak  corresponding  to 
the  amorphous  phase  in  the  copolymer. 
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consistent  with  the  polarization  hysteresis  measure¬ 
ment  presented  in  Fig.  4  where  the  30-Mrad-irradia- 
ted  films  exhibit  hysteresis  with  a  reduced  remanent 
polarization  and  coercive  field  in  comparison  to  unir¬ 
radiated  film. 

Interestingly,  after  irradiation  with  60  Mrad,  the 
X-ray  diffraction  peak  becomes  sharper  and  more 
intense  in  comparison  with  unirradiated  and  30- 
Mrad-irradiated  films.  The  corresponding  lattice 
spacing  is  equal  to  4.84  A,  which  is  close  to  the  d 
spacing  of  the  paraelectric  phase  of  this  copolymer 
determined  from  the  X-ray  above  the  Curie  tempera¬ 
ture  [16].  Correspondingly,  a  slim  polarization  hys¬ 
teresis  is  observed  (Fig.  4).  The  FTIR  measurements 
conducted  on  the  same  films  also  do  not  show  any 
change  in  structure  even  when  the  sample  was  cooled 
down  to  -25°C  [15].  The  results  suggest  that  after 
the  irradiation  the  broad  dielectric  constant  peak 
temperature  (T)  does  not  correspond  to  the  P-F 
phase  change  and  macroscopically,  the  material  is 
paraelectric-like  even  at  temperatures  below  T.  These 
results  are  very  similar  to  those  observed  in  relaxor 
ferroelectric  ceramic  and  by  drawing  the  analogy 
with  those  materials,  the  microstructure  of  irradiated 
P(VDF-TrFE)  copolymer  would  consist  of  local  mi¬ 
cro-polar  regions  embedded  in  a  non-polar  matrix. 
The  increased  coupling  among  these  micro-polar  re¬ 
gions  as  the  temperature  is  reduced  results  in  the 
observed  broad  dielectric  constant  peak  and  freezing 
of  the  polar  regions  of  V-F  type.  It  should  also  be 


Fig.  4.  Change  in  the  polarization  hysteresis  loop  with  irradiation 
dose  for  P(VDF-TrFE)  50/50  moI%  copolymer  films  irradiated  at 
120°C. 


pointed  out  that  although  the  sharpening  of  the  X-ray 
peak  implies  that  there  is  an  increase  in  the  coherent 
length  for  the  X-ray  diffraction,  which  is  due  to  the 
disappearance  of  the  ferroelectric  ordering  and  hence, 
domain  structure,  the  ordering  of  the  crystal  lattice  is 
reduced  and  there  is  a  significant  conversion  of  the 
crystalline  phase  into  amorphous  phase  as  revealed 
by  the  broad  melting  peak  and  significant  reduction 
in  the  enthalpy  of  the  melting  (reduced  by  half  in  the 
enthalpy  at  this  dose). 

As  the  dose  is  increased  further,  we  observed  a 
broadening  of  the  X-ray  peak  as  well  as  a  significant 
contribution  of  the  intensity  from  a  very  broad  peak 
centered  at  20  =  17.5°,  due  to  the  amorphous  phase. 
These  results  are  consistent  with  the  DSC  and  polar¬ 
ization  data.  However,  in  spite  of  significant  broad¬ 
ening,  the  X-ray  peak  from  the  crystalline  phase 
moves  back  towards  the  position  of  the  original 
(3-phase.  This  can  be  interpreted  as  a  partial  recover¬ 
ing  to  local  trans  bonds  (polar  ordering)  from  trans - 
gauche  bonds  at  these  dose  levels.  The  same  feature 
was  also  observed  in  the  DSC  data,  where  the  en¬ 
tropy  of  F-P  transition  peak  shows  a  slight  increase 
after  100  Mrad  irradiation.  Above  100  Mrad  irradia¬ 
tion,  the  diffraction  data  become  totally  diffuse, 
which  indicates  the  disappearing  of  the  crystalline 
phase.  However,  in  contrast  to  X-ray  and  DSC  re¬ 
sults,  the  150-Mrad-irradiated  film  still  exhibits  a 
V-F  type  dielectric  constant  maximum,  indicating 
the  existence  of  local  polar-order  regions  and  their 
coupling  in  an  otherwise  amorphous  matrix. 

All  these  results  taken  together  give  strong  evi¬ 
dence  that  under  high-energy  electron  irradiation, 
P(VDF-TrFE)  50/50  copolymer  is  transformed  from 
a  normal  ferroelectric  to  a  relaxor  ferroelectric  with 
the  existence  of  local  polar  regions.  From  the  fitting 
to  the  V-F  law,  it  was  found  that  /0,  which  can  be 
regarded  as  the  relaxation  frequency  of  local  polar 
regions  without  much  coupling  with  each  other,  in¬ 
creases  with  electron  dose.  At  30  Mrad,  f0  is  at 
about  1  MHz  while  at  150  Mrad,  it  almost  reaches  1 
GHz.  Such  kind  of  increase  of  fQ  is  consistent  with 
the  decrease  of  the  micro-polar  region  size  with 
electron  dose.  Assuming  that  fQ  is  inversely  propor¬ 
tional  to  the  volume  of  micro-polar  region,  the  result 
suggests  that  there  is  one  order  of  magnitude  reduc¬ 
tion  in  the  linear  dimension  of  the  micro-polar  region 
when  the  dose  is  increased  from  30  to  150  Mrad. 
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in  poly(vinylidene  fluoride-trifluoroethylene)  spin  cast  films 

Feng  Xia,  Haisheng  Xu,  Fei  Fang,  B.  Razavi,  Z.-Y.  Cheng,  Yu  Lu,  Baomin  Xu, 
and  Q.  M.  Zhanga) 

Materials  Research  Laboratory \  The  Pennsylvania  State  University,  University  Park,  Pennsylvania  1 6802 
(Received  21  September  2000;  accepted  for  publication  2  January  2001) 

In  poly(vinylidene  fluoride-trifluoroethylene)  copolymer  spin  cast  films,  it  has  been  observed  that 
the  polarization  switching  time  increases  as  the  film  thickness  is  reduced  to  below  1  fim.  We  will 
show  that  this  change  with  film  thickness  can  be  divided  into  two  thickness  regimes,  i.e.,  those 
above  120-150  nm  and  those  below  that  thickness.  For  films  thicker  than  120-150  nm,  the  change 
in  the  switching  behavior  is  due  to  interface  effects  that  can  be  modeled  by  an  effective  interface 
layer  with  lower  dielectric  constant  that  is  in  series  with  the  film.  For  films  below  120-150  nm 
thickness,  there  is  an  additional  and  very  large  increase  of  the  switching  time  with  reduced  film 
thickness.  This  additional  effect  is  caused  by  the  precipitous  drop  of  the  crystallinity  in  films  at  this 
thickness  range.  ©  2001  American  Institute  of  Physics.  [DOI:  10.1063/1.1351848] 


Ferroelectric  polymer  films  are  attractive  for  a  broad 
range  of  applications.1'4  In  these  applications,  the  issues  of 
how  the  functional  properties  change  as  the  film  thickness  is 
reduced  and  what  is  responsible  for  these  changes  are  of 
great  interest  and  concern.  In  this  letter,  we  investigate  the 
ferroelectric  switching  behavior  in  poly(vinylidene  fluoride- 
trifluoroethylene)  [P(VDF-TrFE)]  spin  cast  films.  We  will 
show  that  the  variation  in  the  polarization  switching  behavior 
with  film  thickness  can  be  divided  into  two  thickness  re¬ 
gions,  those  above  120-150  nm  and  those  below  that  thick¬ 
ness.  For  films  thicker  than  120-150  nm  (referred  to  here  as 
thin  films),  the  change  in  the  switching  behavior  can  be  un¬ 
derstood  by  assuming  an  effective  interface  layer  with  lower 
dielectric  constant,  which  is  in  series  with  the  film.  While  for 
thinner  films  (referred  to  as  ultrathin  films),  there  exists  an 
additional  effect,  i.e.,  the  large  reduction  of  the  crystallinity 
in  the  film  that  causes  a  large  increase  in  the  switching  time 
of  the  film. 

Thin  films  of  P(VDF-TrFE)  75/25  mol  %  copolymer 
were  prepared  by  spin  cast  on  platinum  coated  silicon  sub¬ 
strate  using  dimethylformide  (DMF)  as  the  solvent.  The 
films  after  spin  cast  were  annealed  at  135  °C  to  remove  the 
residual  solvent  and  to  raise  the  crystallinity.  The  top  elec¬ 
trode  is  thermally  evaporated  aluminum.  Early  experiment 
results  have  shown  that  for  spin  cast  films  thicker  than  0.5 
fim  the  ferroelectric  behavior  does  not  change  with  film 
thickness.5,6  Therefore,  we  choose  films  at  a  thickness  below 
about  0.5  fim  for  this  study.  The  polarization  switching  ex¬ 
periment  was  carried  out  by  applying  a  step  voltage  to  the 
film  and  the  induced  current  response  of  the  film  was  mea¬ 
sured.  The  difference  in  the  induced  currents  between  the 
positive  step  voltage  and  negative  step  voltage  yields  the 
current  due  to  the  polarization  switching  4,7  Integration  of  the 
current  with  time  yields  the  switching  polarization  as  shown 
in  Fig.  1(a),  where  Pr  is  the  remanent  polarization.  The 
switching  time  ts  is  determined  from  the  peak  position  of  the 
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derivative  dDld\og(t)  [Fig.  1(b)],  where  D  is  the  surface 
charge  density  of  the  film.7 

Figure  2(a)  presents  the  switching  time  ts  versus  the  ap¬ 
plied  electric  field  E  for  films  at  different  thicknesses.  The 
data  reveal  that  under  a  given  field,  the  switching  time  in¬ 
creases  as  the  film  thickness  is  reduced.  In  contrast,  the  rem¬ 
anent  polarization  Pr  (measured  under  160  MV/m  switching 
field)  exhibits  little  change  with  thickness  for  thin  film 
samples  [Fig.  2(b)].  While  for  ultrathin  films,  a  large  drop  in 
Pr  is  observed,  which  is  caused  by  the  large  reduction  in  the 
crystallinity  in  the  film,  which  will  be  discussed  later.  Figure 
2(a)  reveals  several  interesting  features: 

(1 )  ts  follows  the  relation: 

t^tnexpia/E)  (1) 

where  a  is  the  activation  energy.  This  indicates  that  the  po¬ 
larization  switching  in  the  films  studied  is  mainly  controlled 
by  the  nucleation  process,  which  is  consistent  with  the  early 
studies.4,7-9 

(2)  The  activation  energy  a  increases  with  reducing  film 
thickness  (i.e.,  the  slope  of  Info)  vs  HE  increases  with  re¬ 
duced  film  thickness). 

Following  the  approach  by  Merz,  we  plot  a  vs  1  Id, 
where  d  is  the  film  thickness  in  Fig.  2(c)  and  it  was  found 
that  for  thin  films  studied,  a  can  be  written  as  4,10 

a=a0(l  +  /3/d),  (2) 


FIG.  1.  (a)  Switched  polarization  D  and  (b)  the  derivative  of  dDld  Iog(f) 
obtained  from  200  nm  thick  film  under  a  step  field  of  160  MV/m. 
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FIG.  2.  (a)  Switching  time  ts  vs  electrical  field  E  for  the  films  with  different 
thickness.  From  right  to  left;  the  thickness  is:  600,  370,  200,  150,  120,  and 
68  nm,  respectively,  (b)  Pr  measured  from  the  switching  data  under  160 
MV/m  step  field  vs  film  thickness.  There  is  a  precipitous  drop  of  Pr  at  the 
film  thickness  about  100  nm.  (c)  Activation  energy  a  vs  Md.  Solid  curves 
are  drawn  to  guide  eyes.  The  dashed  line  is  the  fitting  of  Eq.  (2),  which  is 
extrapolated  to  the  ultrathin  film  region,  (d)  The  inverse  of  the  measured 
dielectric  permittivity  e/e0  vs  Md.  The  dashed  line  is  the  fitting  to  Eq.  (5) 
and  the  solid  curve  is  drawn  to  guide  eyes. 
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FIG.  3.  ts  vsEf  for  films  of  different  thickness  in  the  thin  film  region.  Solid 
curves  are  drawn  to  guide  eyes. 

Making  use  of  Eq.  (4)  and  the  /?  value  obtained,  the  data 
in  Fig.  2(a)  can  be  replotted  and  indeed  as  presented  in  Fig. 
3,  ts  vs  Ef  does  not  vary  with  film  thickness  for  the  thin  films 
studied,  confirming  that  it  is  the  interface  effect  that  causes 
the  change  in  the  polarization  switching  behavior  with  film 
thickness  in  the  thin  film  regime. 

The  existence  of  a  low  dielectric  constant  interface  layer 
will  also  result  in  changes  in  the  measured  dielectric  constant 
with  film  thickness  d  as 


where  a0  =  754MV/m  and  /?=  1.126X  10-8 m.  Here,  a0 
corresponds  to  the  activation  energy  of  very  thick  films  and 
the  value  obtained  here  is  consistent  with  early  experiment 
result s. 10,11  The  behavior  observed  in  Eq.  (2)  can  be  inter¬ 
preted  as  evidence  of  an  interface  layer  which  is  electrically 
in  series  with  the  bulk  of  the  film  and  thickness  is  directly 
proportional  to  /3.  On  the  other  hand,  for  the  ultrathin  films  a 
deviates  from  Eq.  (2)  and  activation  energy  becomes  very 
large  as  is  evident  from  Fig.  2(c),  which  is  due  to  the  large 
reduction  of  the  crystallinity  in  the  film  to  be  discussed  later. 
Consequently,  the  switching  time  of  ultrathin  films  becomes 
very  high. 

The  effective  thickness  ds  and  the  effective  dielectric 
constant  es  of  this  interface  layer  at  the  thin  film  region  can 
be  estimated  as  the  following.  Because  this  interface  layer  is 
electrically  in  series  with  the  bulk  of  the  film,  the  total  ap¬ 
plied  voltage  V  is  divided  between  the  two  as,  V~  Vf+  V s , 
where  Vf  is  the  voltage  drop  across  the  bulk  of  the  film 
which  has  a  thickness  df  and  dielectric  permittivity  e^,  and 
Vs  is  the  voltage  drop  across  the  interface  layer.  The  charge 
continuity  at  the  boundary  between  the  two  regions  yields: 


-=^+, 

Vf  esdf 


(3) 


For  the  thin  films,  as  will  become  evident  later,  there  are  two 
additional  conditions:  Vf  is  much  larger  than  Vs,  i.e., 
(ejdslesdf)<  1,  and  dj>ds.  Therefore,  Eq.  (3)  can  be  re¬ 
written  as 


Ef 


(4) 


As  expected,  for  the  thin  films  the  measured  dielectric  con¬ 
stant  fits  Eq.  (5)  quite  well  as  presented  in  Fig.  2(d),  yielding 
e//e0=  12.3  and  ^[(e0/eJ-a0/e/)]  =  6.9X  10“10m, 
where  e0  is  the  vacuum  permittivity.  For  the  ultrathin  films 
there  is  an  additional  large  drop  of  the  dielectric  constant 
with  reduced  film  thickness,  which,  as  has  been  pointed  out, 
is  caused  by  the  large  reduction  of  the  crystallinity  in  the 
ultrathin  films.  Combining  the  results  here  with  the  value 
obtained  from  the  polarization  switching,  one  can  estimate 
both  ds  and  es,  which  are  es/e0  =  3  and  ds  =  2.1nm. 

The  results  presented  indicate  that  there  is  an  interface 
effect  which  causes  the  observed  change  of  the  switching 
behavior  with  thickness  in  the  thin  film  region.  The  detailed 
mechanism  responsible  for  the  interface  effect  is  not  clear  at 
present  and  the  dielectric  model  presented  is  only  a  simpli¬ 
fied  picture.  It  should  be  mentioned  that  in  recent  studies  in 
the  switching  behavior  of  ferroelectric  thin  films,  a  charge 
injection  model  was  proposed  to  explain  the  observed  inter¬ 
face  effect.12,13  The  model  may  also  be  used  here  to  explain 
the  change  of  the  switching  behavior  with  thickness. 

Two  more  experiments  have  been  carried  out  to  examine 
whether  there  are  any  significant  changes  in  the  ferroelectric 
and  other  properties  in  the  bulk  of  the  films,  i.e.,  the  inter¬ 
chain  spacing,  crystallinity  and  the  ferroelectric  transition 
temperature,  which  could  also  be  responsible  for  the  ob¬ 
served  change  in  the  polarization  switching  behavior.  In  bulk 
P(VDF-TrFE)  copolymers,  it  has  been  observed  that  the 
switching  time  becomes  longer  with  reduced  TrFE  content.14 
In  the  copolymer,  the  reduction  in  TrFE  mol%  raises  the 
ferroelectric  transition  temperature  and  reduces  the  inter¬ 


where  Ef  is  the  effective  field  on  the  bulk  of  the  film.  Com¬ 
paring  this  with  Eq.  (2)  leads  to  the  relationship:  {$ 
=  ejdsles 
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chain  spacing  (increase  the  packing  of  the  molecular 
chain).7,15  Presented  in  Fig.  4(a)  is  the  x-ray  data  taken  from 


r,  £  ^  „  films  *n  thickness  from  50  to  470  nm,  where  the  (1 10  200) 
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FIG.  4.  (a)  X-ray  diffraction  data  measured  near  (110,  200)  reflection  from 
the  copolymer  films  at  different  thickness.  From  top  to  bottom,  the  thickness 
is:  470,  310,  160,  80,  and  50  nm.  (b)  The  crystallinity  deduced  from  the 
x-ray  data  (data  are  shown  and  solid  line  is  drawn  to  guide  eyes),  (c)  The 
measured  dielectric  constant  at  1  kHz  as  a  function  of  temperature  for  films 
with  different  thicknesses.  Data  taken  from  both  heating  (solid  curves)  and 
cooling  (dashed  curved)  cycles  are  shown.  From  top  to  bottom,  the  thickness 
is:  2300,  250,  and  100  nm. 


reflection  was  measured  and  clearly,  the  (110,  200)  peak  re¬ 
mains  at  nearly  the  same  position  for  all  the  films  measured, 
indicating  that  the  interchain  spacing  does  not  change  with 
the  film  thickness.  On  the  other  hand,  the  fitting  of  the  data 
(after  subtracting  the  x-ray  background  from  the  substrate) 
shows  that  there  is  a  large  drop  of  crystallinity  as  the  thick¬ 
ness  of  the  film  is  reduced  to  the  ultrathin  film  region  [Fig. 
4(b)].16  This  is  consistent  with  the  observed  large  drop  of  Pr 
in  the  ultrathin  films  [Fig.  2(b)].  The  result  suggests  that  the 
large  increase  of  the  switching  time  in  the  ultrathin  film  re¬ 
gion  is  due  to  the  loss  of  crystallinity  in  the  films. 

The  dielectric  constant  versus  temperature  was  also  mea¬ 
sured  for  these  films  to  examine  how  the  ferroelectric  tran¬ 
sition  temperature  changes  with  the  film  thickness.  Figure 
4(c)  presents  the  typical  data  for  films  with  several  different 
thicknesses,  where  the  data  taken  from  both  the  heating  and 
cooling  cycles  are  shown,  which  provides  information  on  the 


thermal  hysteresis  of  the  ferroelectric  transition,  which  is  an 
additional  parameter  reflecting  the  stability  of  the  ferroelec¬ 
tric  phase  with  respect  to  the  paraelectric  phase.  As  revealed 
by  the  data,  for  the  films  studied  there  is  no  significant  varia¬ 
tion  of  the  ferroelectric  transition  peak  with  thickness.  The 
thermal  hysteresis  is  also  nearly  the  same  for  the  films  mea¬ 
sured.  The  results  are  consistent  with  early  dielectric  studies 
by  Glatz-Reichenbach  et  al.  and  Tajits.5,9 

In  summary,  these  results  suggest  that  the  ferroelectric 
property  does  not  change  very  much  with  thickness  for  the 
P(VDF-TrFE)  films  investigated  here.  The  observed  in¬ 
crease  in  the  ferroelectric  switching  time  with  reducing  film 
thickness  in  the  thin  film  region  is  caused  by  the  interface 
effect  which  can  be  modeled  by  a  low  dielectric  layer  in 
series  with  the  bulk  of  the  film,  and  for  films  investigated 
here,  this  layer  has  a  thickness  of  about  2.7  nm  and  an  ef¬ 
fective  dielectric  constant  of  3.  For  the  ultrathin  films,  there 
is  an  additional  effect  that  causes  the  further  increase  of  the 
switching  time,  i.e.,  the  large  drop  of  the  crystallinity  in 
these  films. 

This  work  was  supported  in  part  by  the  NSF  under  Grant 
No.  ECS-97 10459. 
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We  report  on  the  observation  of  the  critical  thickness  of  crystallization  of  ferroelectric 
poly(vinylidene  fluoride-trifiuoroethylene)  copolymer  thin  films,  which  were  solution  spun  cast  on 
platinum  coated  silicon  wafer.  The  effect  occurs  at  about  100  nm  thickness,  which  is  significantly 
above  any  currently  known  spatial  dimensions  of  the  polymer,  so  that  for  films  at  thickness  below 
about  100  nm,  the  crystallization  process  is  strongly  hindered,  resulting  in  a  low  crystallinity  in 
these  films.  This  low  crystallinity  leads  to  a  large  and  discontinuous  change  of  the  dielectric  constant 
and  ferroelectric  polarization  in  the  films  below  the  critical  thickness.  ©  2001  American  Institute 
of  Physics.  [DOI:  10.1063/1.1344585] 


L  INTRODUCTION 

Polymer  thin  films  have  attracted  a  great  deal  of  atten¬ 
tion  in  recent  years  due  to  their  emerging  applications  in 
electronics,  photonics,  and  microsensors  and  actuators.1"4  As 
the  polymer  film  thickness  is  reduced,  finite  size  effect  where 
the  system  dimension  approaches  one  of  the  intrinsic  dimen¬ 
sions  of  the  polymer  will  influence  the  structures  of  these 
films.  Furthermore,  it  is  expected  that  the  surface  and  inter¬ 
face  will  play  a  significant  role  in  the  development  of  mor¬ 
phology  and  chain  conformation  of  the  films.5-11  All  of  these 
will  have  a  profound  effect  on  the  functional  behavior  of  the 
polymer  films.  One  of  the  interesting  and  important  issues  in 
predicting  and  understanding  film  structure  and  functional 
behavior  is  whether  the  properties  of  polymer  films  evolve 
gradually  from  bulk  and  what  determines  this  evolution  be¬ 
havior. 

Recently  we  investigated  the  ferroelectric  behavior  of 
poly(vinylidene  fluoride-trifiuoroethylene)  [P(VDF-TrFE)] 
copolymer  spin  cast  thin  films.  P(VDF-TrFE)  copolymer  is 
the  best  known  and  most  widely  used  ferroelectric 
polymer,12,13  which  exhibits  a  typical  polarization-electric 
field  relationship  as  shown  in  Fig.  1(a).  As  a  semicrystalline 
polymer,  in  which  small  crystallites  are  surrounded  by  amor¬ 
phous  regions,  it  is  well-known  that  the  ferroelectric  re¬ 
sponses  such  as  the  polarization  are  mainly  from  the  crystal¬ 
line  phase.  In  bulk  forms,  experimental  evidence  has 
established  that  depending  on  the  polymer  processing  condi¬ 
tions  such  as  annealing  temperature  and  time  duration,  the 
crystallinity,  which  is  the  volume  content  of  the  crystalline 
phase  in  the  polymer,  can  be  varied  from  very  low  (below 
30%)  to  more  than  80%  for  copolymer  at  compositions  near 
70/30  mol  %.14  In  the  copolymer  thin  films  we  will  show  that 
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the  crystallinity  can  also  reach  a  relatively  high  value 
(>70%).  However,  as  the  film  thickness  is  reduced,  we  ob¬ 
served  a  discontinuous  change  in  the  crystallization  process 
at  about  100  nm  below  which  the  crystallization  is  severely 
hindered  and  the  crystallinity  becomes  very  low.  Corre¬ 
sponding  to  this  critical  thickness  for  the  crystallization,  we 
also  observed  discontinuous  and  marked  changes  in  the  func¬ 
tional  properties  such  as  the  dielectric  constant  and  ferroelec¬ 
tric  hysteresis  loop  for  films  at  thicknesses  below  about  100 
nm. 

II.  EXPERIMENTS 

P(VDF-TrFE)  copolymers  in  the  composition  range 
from  50/50  to  80/20  mol  %  (the  mol  %  ratio  of  VDF/TrFE) 
were  chosen  for  this  study  because  copolymers  at  those  com¬ 
positions  are  in  the  ferroelectric  phase  at  room  temperature 
when  prepared  using  solution  casting.  In  addition,  extensive 
literature  exists  and  hence,  information  on  the  structures, 
morphology,  and  ferroelectric  and  dielectric  properties  in  the 
bulk  copolymers  in  this  composition  range.12"16  The  copoly¬ 
mers  were  supplied  by  MSI  Sensor,  PA.  The  average  mo¬ 
lecular  weight  is  about  200  000.  The  solvent  used  is  dimeth- 
ylformide  (DMF)  and  solution  concentrations  ranging  from  4 
wet%  to  12  wet%  were  used  to  produce  spin  cast  films  with 
different  thicknesses,  from  30  nm  to  more  than  1  pum.  Spin 
cast  films  were  deposited  on  a  platinum  coated  silicon  wafer. 
Except  otherwise  specified,  all  the  films  used  in  the  investi¬ 
gations  were  annealed  after  spin  cast  at  140  °C  for  2  h  under 
vacuum  to  remove  the  residual  solvent  and  also  to  improve 
the  crystallinity.  The  results  from  early  studies  have  indi¬ 
cated  that  such  a  thermal  treatment  yields  a  thin  film  with 
relatively  high  crystallinity  and  ferroelectric  properties  near 
those  in  the  bulk  materials.17  For  the  electric  property  mea¬ 
surement,  the  platinum  on  the  silicon  substrate  was  used  as 
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FIG.  I .  The  polarization  hysteresis  loops  of  P(VDF-TrFE)  75/25  mol  % 
copolymer  spin  cast  thin  films  on  a  platinum  coated  silicon  wafer  measured 
at  10  Hz:  (a)  120  nm  thick  and  (b)  75  nm  thick. 


the  bottom  electrode  and  aluminum  electrodes  of  2  mm  di¬ 
ameter  size,  which  were  vacuum  deposited  on  the  top  surface 
of  the  P(VDF-TrFE)  copolymer  films  after  the  annealing 
treatment  of  the  films,  served  as  the  top  electrode. 

III.  RESULTS  AND  DISCUSSION 

Figure  2(a)  shows  the  dielectric  constant  measured  at 
room  temperature  at  1  kHz  as  a  function  of  film  thickness  for 
copolymer  films  of  50/50,  68/32,  75/25,  and  80/20  mol  %. 
The  dielectric  constants  for  films  at  a  thickness  near  1  ^tm 
(1000  nm)  are  nearly  the  same  as  those  in  the  bulk.  One 


FIG.  2.  (a)  The  dielectric  constant  measured  at  1  kHz  as  a  function  of  film 
thickness  for  copolymer  films  of  50/50,  68/32,  75/25,  and  80/20.  The  zeros 
of  the  dielectric  constant  for  films  of  75/25,  68/32,  and  50/50  copolymers 
are  shifted  as  indicated  in  the  figure.  The  curves  are  drawn  to  guide  the  eye. 
(b)  The  inverse  of  the  capacitance  of  unit  area  (1/C)  as  a  function  of  film 
thickness.  The  data  points  beyond  thickness  =1  fi m  are  not  shown  in  the 
figure.  The  solid  and  dashed  lines  are  the  fitting  of  Eq.  (1)  to  the  data  points 
at  the  thickness  above  100  nm.  The  arrows  indicate  the  position  of  the 
discontinuous  increase  in  1/C  which  occurs  near  about  100  nm.  The  zeros 
for  75/25,  68/32,  and  50/50  are  shifted  as  indicated  in  the  figure. 


salient  feature  of  the  data  is  that  as  the  film  thickness  is 
reduced,  the  dielectric  constant  exhibits  a  precipitous  drop  at 
a  thickness  near  about  100  nm.  The  decrease  of  the  dielectric 
constant  in  P(VDF-TrFE)  copolymer  thin  films  with  reduced 
thickness  has  been  observed  in  many  earlier  studies.18,19  The 
phenomenon  has  been  attributed  in  those  studies  to  the  exis¬ 
tence  of  an  equivalent  interface  layer  of  lower  dielectric  con¬ 
stant  which  is  in  series  with  the  P(VDF-TrFE)  dielectric  film 
and  has  a  dielectric  constant  of  bulk  material.  From  this 
model,  the  inverse  of  the  capacitance  of  unit  area  (1/C)  of  the 
film  can  be  expressed  in  terms  of  the  dielectric  constant  of 
the  interface  layer  Ks ,  the  bulk  Kb ,  and  the  thickness  of  the 
interface  layer  ts , 


fo 

C 


1 

M 

kJ 

(1) 


where  t  is  the  total  polymer  film  thickness  and  e0  is  the 
vacuum  dielectric  permittivity  (  =  8.85Xl(T12  F/m).  By 
plotting  eQ/C  versus  t,  Eq.  (1)  shows  that  there  should  be  a 
nonzero  interception  point  of  e0/C  at  the  zero  film  thick¬ 
ness,  t=0,  if  there  is  a  surface  layer  with  a  lower  dielectric 
constant  (ts^ 0).  Indeed,  data  from  all  four  compositions 
shows  such  a  nonzero  interception  point  [Fig.  2(b)].  More 
interestingly.  Fig.  2(b)  also  reveals  that  there  is  a  discontinu¬ 
ous  jump  of  the  e0/C  value  at  a  thickness  near  100  nm  for 
all  the  films,  indicating  a  large  and  discontinuous  drop  of  the 
dielectric  constant  for  films  at  thicknesses  below  100  nm 
which  is  much  beyond  that  accounted  for  by  the  surface 
layer  effect. 

In  the  P(VDF-TrFE)  copolymer,  the  dielectric  constant 
is  closely  related  to  the  polymer  structure  such  as  the  crys¬ 
tallinity  in  the  polymer  and  crystalline  orientation.20-22  The 
data  in  Fig.  2  indicates  that  there  exists  a  critical  thickness 
near  100  nm  in  which  large  changes  in  structure  or  morphol¬ 
ogy  in  polymer  thin  films  occur. 

We  first  examined  the  scenario  that  a  large  reduction  of 
the  crystallinity  in  the  films  at  thicknesses  below  100  nm,  is 
responsible  for  the  observed  dielectric  behavior  by  carrying 
out  an  x-ray  diffraction  study  on  these  films.  The  data  for 
copolymer  68/32  mol%  films  is  presented  in  Fig.  3(a)  for 
selected  thicknesses.  The  prominent  x-ray  peak  observed  in 
the  figure  is  from  the  (200,110)  reflection  of  the  crystalline 
phase.15  In  addition  to  this  sharp  peak,  there  is  a  broad  peak 
with  a  much  lower  intensity  which  is  due  to  the  amorphous 
phase  in  the  films.  In  Fig.  3(a)  we  also  illustrate  the  decom¬ 
position  of  the  x-ray  data  into  the  crystalline  peak  and  amor¬ 
phous  hola  contribution.14  The  crystallinity  can  be  estimated 
by  comparing  the  area  from  the  crystalline  diffraction  peak 
with  the  total  diffraction  area  (crystalline  plus  amorphous 
phase)  and  the  result  is  shown  in  Fig.  3(b).  Indeed,  we  ob¬ 
served  a  large  drop  of  crystallinity  at  the  film  thickness  near 
100  nm,  suggesting  that  in  films  below  100  nm  thickness,  the 
crystallization  process  is  strongly  hindered. 

In  copolymer  bulk  single  crystals,  Ometo  et  al.  have 
shown  that  the  dielectric  constant  of  the  crystal  also  strongly 
depends  on  the  crystal  orientation.20  Therefore  a  change  in 
the  average  crystal  orientation  (with  respect  to  the  substrate) 
in  the  polymer  films  at  thickness  near  100  nm  may  also  be  a 
possible  origin  for  the  drop  of  the  dielectric  constant  across 
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FIG.  3.  (a)  X-ray  diffraction  the  copolymer  films  of  68/32  mol  %  at  selected 
thickness:  400,  200,  140,  100,  and  50  nm.  The  data  was  taken  near  the 
(200,1 10)  reflection  peak.  The  decomposition  of  the  peak  into  the  crystalline 
part  and  amorphous  part  is  illustrated  in  the  insert  (from  a  100  nm  thick 
film),  (b)  The  ciystallinity  as  a  function  of  the  film  thickness  for  68/32 
copolymer  films.  There  is  a  large  drop  of  the  crystallinity  at  thickness  near 
100  nm.  The  curve  is  drawn  to  guide  the  eye. 

that  thickness.  However,  the  measurement  of  the  rocking 
curves  of  the  (200,110)  reflection  which  is  sensitive  to  the 
change  in  the  crystallite  orientation  in  polymer  films  shows 
no  change  as  the  thickness  is  reduced  from  200  to  50  nm 
(except  the  diffraction  intensity),23  indicating  that  there  is  no 
significant  change  in  the  average  crystallite  orientation  with 
respect  to  the  substrate  in  thin  films  when  below  100  nm 
thickness. 

To  examine  how  the  ferroelectric  behavior  changes 
across  the  critical  thickness,  we  measured  the  remanent  po¬ 
larization  Pr  of  these  films  as  a  function  of  film  thickness 
since  Pr  is  the  most  direct  indicator  of  the  ferroelectric  prop¬ 
erties  and  in  bulk  material  it  has  been  shown  that  there  is  a 
direct  correlation  between  the  crystallinity  and  Pr. 14,19  The 
data  for  thin  films  is  shown  in  Fig.  4  for  the  copolymer  of 
75/25  mol  %.  The  data  was  acquired  using  the  polarization 
switching  method  which  eliminates  the  contribution  of  con¬ 
duction  to  the  polarization  measured  and  the  maximum  field 
of  160  MV/m  was  used  in  the  measurement.  In  this  method, 
two  step  voltages  are  applied,  one  changes  the  polarization 
from  b  to  c  and  the  other  from  a  to  c  [Fig.  1(a)],  and  the 
difference  in  the  polarization  between  the  two  yields  is 
2Pr.24  Apparently,  the  remanent  polarization  also  exhibits  a 
precipitous  drop  at  the  film  thickness  near  100  nm,  a  clear 


FIG.  4.  The  remanent  polarization  Pr  as  a  function  of  the  film  thickness  for 
75/25  copolymer  films.  The  curve  is  drawn  to  guide  the  eye  and  the  data 
points  at  thickness  larger  than  1  yum  are  not  shown. 

indication  of  a  critical  thickness  below  which  the  films  ex¬ 
hibit  a  very  weak  ferroelectricity.  In  P(VDF-TrFE)  thin 
films,  the  coercive  field  Ec  increases  as  the  film  thickness  is 
reduced.  In  order  to  take  this  into  account,  we  also  measured 
Pr  for  the  75  nm  thick  film  under  a  field  of  320  MV/m  and 
found  that  Pr  is  still  at  about  17.5  mC/m2.  This  marked 
change  in  the  ferroelectric  behavior  of  thin  films  near  the 
critical  thickness  is  illustrated  in  Fig.  1 ,  where  the  polariza¬ 
tion  hysteresis  loops  measured  for  films  of  120  nm  (just 
above  the  critical  thickness)  and  75  nm  (below  the  critical 
thickness)  are  compared. 

All  these  results  indicate  that  in  spin  cast  P(VDF-TrFE) 
copolymer  films  on  a  platinum  coated  silicon  substrate,  there 
exists  a  threshold  thickness  below  which  the  crystallization 
is  hindered.  Because  of  the  close  correlation  between  the 
crystallinity  and  the  functional  properties  in  copolymer  films, 
there  is  a  clear  boundary  in  the  film  thickness  below  which 
the  dielectric  constant  drops  markedly  and  ferroelectric  prop¬ 
erties  deteriorate.  However,  it  is  intriguing  that  this  critical 
thickness  occurs  at  100  nm,  which  is  far  larger  than  any 
currently  known  relevant  spatial  dimensions  of  the  polymer 
such  as  the  radius  of  gyration  Rg ,  which  is  about  15  nm,  and 
the  lamella  thickness  of  crystallites  in  bulk  P(VDF-TrFE) 
copolymer,  which  is  about  20  nm.  It  is  noted  that  in  a  recent 
study  of  the  semicrystalline  poly(di-n-hexyl  silane)  (PD6S), 
a  critical  thickness  of  15  nm  has  been  observed  below  which 
the  crystallization  is  substantially  hindered.3  However,  the 
critical  thickness  (—15  nm)  is  not  far  above  the  radius  of 
gyration  of  the  polymer  chains  (—10  nm)  or  the  lamella 
thickness. 

In  several  recent  experiments,  it  has  been  observed  that 
the  chain  diffusion  rate  in  polymer  thin  films  starts  to  deviate 
from  the  bulk  value  at  about  100-150  nm,  or  about  10i?g 
from  an  interface.7,25  This  raises  the  issue  of  whether  the 
observed  phenomena  here  are  caused  by  the  kinetics  of  the 
crystallization  process.  In  addition,  it  is  also  puzzling  as  to 
why  the  crystallites  in  ultrathin  films  do  not  grow  to  a  higher 
crystallinity  (for  instance,  the  50  nm  film  has  a  crystallinity 
of  about  30%).  We  examined  this  by  increasing  the  anneal¬ 
ing  time  of  the  copolymer  films  and  measured  the  change  of 
the  dielectric  constant  after  a  longer  time  annealing.  In  this 
experiment,  copolymer  films  of  50/50  mol  %  were  used  be¬ 
cause  of  their  relatively  high  dielectric  constant.  The  ratio  of 
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FIG.  5.  The  ratio  of  the  dielectric  constant  of  55/50  copolymer  films  an¬ 
nealed  at  140  °C  for  27  h  to  that  annealed  for  2  h  as  a  function  of  thickness. 
The  curve  is  drawn  to  guide  the  eye. 

the  dielectric  constant  of  thin  films  annealed  at  140  °C  for 
more  than  one  day  (27  h)  to  that  after  2  h  as  a  function  of  the 
film  thickness  is  showing  Fig.  5.  Apparently,  the  prolonged 
annealing  does  not  bring  up  the  dielectric  constant  for  films 
below  100  nm.  In  fact,  for  films  at  thicknesses  below  100 
nm,  there  is  very  little  change  in  the  dielectric  constant  with 
annealing  time,  while  for  films  thicker  than  that,  the  dielec¬ 
tric  constant  increases  with  the  annealing  time,  most  prob¬ 
ably  caused  by  the  increase  of  crystallinity.  Again,  the  data 
indicates  that  the  crystallization  for  films  at  thicknesses  be¬ 
low  100  nm  is  strongly  inhibited  and  that  the  critical  thick¬ 
ness  is  not  a  consequence  of  kinetic  effect. 

One  possible  scenario  for  the  low  crystallinity  in  thin 
films  below  100  nm  could  be  due  to  the  strain  mismatch 
between  neighboring  crystallites  which  creates  large  amor¬ 
phous  regions  in  between  them.  In  thin  films,  the  crystalliza¬ 
tion  process  is  controlled  by  the  heterogeneous  nucleation 
from  the  substrate  which  could  lead  to  high  nucleation  den¬ 
sity  and  also  dictate  the  crystallite  orientation,  which  could 
lead  to  orientation  mismatch  between  neighboring  crystal¬ 
lites  and  high  elastic  energy  in  thin  films.26  This  may  prevent 
the  further  growth  of  crystallites  in  very  thin  films. 
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Abstract.  The  electro-optic  property  of  electron-irradiated  poly- 
(vinylidene  fluoride-trifluoroethylene)  (PVDF-TrFE)  copolymer  is  pre¬ 
sented.  It  is  found  that  this  special  treated  polymer  not  only  has  a  giant 
electrostriction  and  relaxor  ferroelectric  behavior  but  also  has  a  relatively 
good  electro-optic  effect.  Thus,  this  copolymer  may  be  a  good  candidate 
for  making  fast  speed  electro-optic  modulators  and  switches,  which  are 
critical  components  for  information  optics.  ©  2000  society  of  Photo-Optical 
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1  Introduction 

Polymers  have  become  widely  used  materials  for  informa¬ 
tion  optics.1,2  They  can  be  used  to  store  and  modulate  the 
light  information.  To  reduce  the  required  operating  voltage, 
polymers  with  large  electrostriction  and  electro-optic  coef¬ 
ficients  are  expected.  Recently,  Zhang  et  al.  reported  giant 
electrostriction  and  relaxor  ferroelectric  behavior  in 
electron-irradiated  polymer(vinylidene  fluoridetrifluoro- 
ethylene)  (PVDF-TrFE)  copolymer.3  It  was  found  that  an 
electrostrictive  response  as  large  as  4%  could  be  achieved. 
Note  that,  in  general,  ferroelectric  materials  that  have  large 
electrostrictive  responses  may  also  have  good  electro-optic 
effects.  Since  an  electro-optic  effect  is  very  important  for 
producing  fast  speed  electro-optic  modulators  and  switches, 
it  is  useful  to  investigate  the  electro-optic  effect  of  this 
interesting  electron- irradiated  (PVDF-TrFE)  copolymer. 
Our  preliminary  experiments  show  that  this  electron- 
irradiated  (PVDF-TrFE)  copolymer  also  has  a  good  electro- 
optic  coefficient  with  r33^40pm/V. 

Therefore,  this  electron-irradiated  (PVDF-TrFE)  copoly¬ 
mer  may  be  a  very  good  candidate  for  information  optics. 

2  Preparation  of  Electron-Irradiated  (PVDF-TrFE) 
Copolymer 

It  is  well  known  that  PVDF  consists  of  a  repeat  unit, 
CH2CF2,  which  carries  a  vacuum  dipole  moment  (about  7 
X  10” 30 Cm)  associated  with  positive  hydrogen  and  nega¬ 
tive  fluorine  atoms.4  Since  such  dipoles  are  rigidly  attached 
to  main-chain  carbons,  their  orientation  (i.e.,  polarization 
direction)  is  directly  controlled  by  the  conformation  and 
packing  of  molecules.  Figure  1  shows  the  crystalline  struc¬ 
ture.  An  all -trans  conformation  induces  the  alignment  of 
the  CH2CF2  dipoles  in  the  zigzag  plane  and  perpendicular 
to  the  chain  axis.  Due  to  the  existence  of  this  dipole  struc- 
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ture  (i.e.,  dipoles  are  connected  together),  it  is  difficult  to 
switch  the  polarization  direction  of  the  dipoles.  Since  the 
crystalline  structure  of  PVDF  copolymer  can  be  substan¬ 
tially  weakened  by  reducing  the  size  of  coherent  polariza¬ 
tion  regions  to  a  nanometer  scale  by  high-energy  radiation 
through  introducing  defects,5  the  (PVDF-TrFE)  copolymer 
was  radiated  using  high-energy  electrons.  It  was  found  that 
under  a  proper  high-energy  electron  irradiation,  the  large 
polarization  hysteresis  could  be  eliminated  and  a  large  elec¬ 
trostrictive  strain  (^4%)  can  be  achieved.3  To  test  the 
electro-optic  properties  of  this  polymer,  an  electron- 
irradiated  (PVDF-TrFE)  copolymer  sample  with  following 
parameters  were  prepared: 

1.  composition  of  70/30  ratio  (70  mole  %  of  VDF) 

2.  radiation  dose  of  7  X  105  J/Kg  ( =  70  Mrad)  at  100°C. 

3.  thickness  t  —  20  fim 

4.  length  L  —  1  mm 

5.  width  W—5  mm 

3  Preliminary  Experiments  on  the  Electro-Optic 
Property  of  (PVDF-TrFE)  Copolymer 

Figure  2  shows  the  experimental  setup  used  to  measure  the 
electro-optic  coefficient  r33  of  this  polymer,  which  is  basi- 
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Fig.  2  Experimental  setup  used  to  measure  the  refractive  index  of 
P(VDF-TrFE)  copolymer. 


Fig.  3  Structure  of  fast-tuning-speed,  wide-tuning-range  filter  using 
this  P(VDF-TrFE)  copolymer  as  the  second  cladding  layer. 


cally  a  Mach-Zehnder  interferometer  set-up.  A  He-Ne  La¬ 
ser  with  output  wavelength  X  =  633nm  was  used  as  the 
light  source.  The  prepared  polymer  sample,  as  described  in 
Sec.  2,  was  inserted  in  one  arm.  To  apply  the  electric  field 
on  the  sample,  two  electrodes  were  formed  by  coating  the 
silver  conductive  glue  on  the  surfaces  of  the  polymer,  as 
shown  in  Fig.  2.  The  electric  field  is  applied  along  the 
surface  normal  direction.  The  light  is  propagating  along  the 
surface  direction.  Since  the  polymer  sample  is  very  thin 
(— 20/im),  a  cylindrical  lens  is  used  to  couple  the  light 
into  the  polymer  sample  from  one  side  surface  and  another 
cylindrical  lens  of  the  same  type  is  put  on  the  other  side  of 
the  sample  so  that  a  collimated  output  beam  can  be  formed. 
This  output  beam  interferes  with  the  reference  beam  to 
form  the  interference  pattern.  A  CCD  camera  connected  to 
a  computer  is  used  to  detect  the  interference  pattern.  When 
the  voltage  is  applied  on  the  polymer  sample,  the  refractive 
index  of  the  sample  will  be  changed  if  the  sample  has  the 
electro-optic  effect.  It  was  found  that  the  interference  fringe 
shifted  one  period  (i.e.,  corresponding  to  one  wavelength 
change  in  the  optical  path)  when  300  V  was  applied  to  the 
sample.  Substituting  n  =  1 .42  (premeasured  refractive  index 
of  the  polymer),  v=300V,  wavelength  X  =  633nm,  t 
=  20  /xm,  and  L  —  1  mm  into  the  following  well-known 
equation, 

2  tX 


one  can  get  r33=40pm/V.  Thus,  the  P(VDF-TrFE)  copoly¬ 
mer  also  has  a  very  good  electro-optic  effect.  Note  that,  to 
ensure  that  the  interference  fringe  shift  is  indeed  caused  by 
the  refractive  index  change  rather  than  by  the  geometric 
length  change,  the  whole  sample  was  clamped  by  sealing  it 
with  epoxy.  After  this  sealing,  no  detectable  geometric  di¬ 
mension  change  in  the  longitudinal  direction  (i.e.,  light 
passing  through  direction)  was  found.  Another  possible 
concern  is  that  this  refractive  index  change  may  come  from 
the  photoelastic  effect  rather  than  from  the  electro-optic 
effect.  However,  based  on  the  previous  investigation  of  the 
sample  compression  due  to  an  electrostatic  force,6  the  pho¬ 
toelastic  effect  will  be  much  smaller  than  the  electro-optic 
effect.  Thus,  the  measured  electro-optic  coefficient  is  valid. 


4  Potential  Application  of  this  Unique 
Electro-Optic  Polymer  to  Fast  Speed 
Wavelength-Tunable  Filter 

Long-period  gratings  (LPGs)  were  recently  developed7,8 
that  are  photoinduced  fiber  devices  that  couple  light  from 
the  core  of  a  single-mode  optical  fiber  into  the  fiber  clad¬ 
ding  at  discrete  wavelengths,  producing  one  or  more  at¬ 
tenuation  bands  in  the  fiber  transmission.  The  phase¬ 
matching  condition  of  an  LPG  can  be  written  as 

=  (2) 

where  \p  is  the  wavelength  of  the  pth-order  resonance 
peak,  A  is  the  period  of  the  grating,  and  and  are 
effective  indices  of  core  and  cladding,  respectively.  Based 
on  Eq.  (2),  the  wavelength  tuning  range  AX  for  the  LPG 
can  be  estimated  as 


AX- 


A(*cte-«°iL) 

eff  _  eff 
"core  n  clad 
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(3) 


where  A(«®ore— «^d)  is  the  difference  of  the  effective  re¬ 
fractive  index  change  between  the  core  and  cladding.  Since 
the  effective  refractive  indices  of  core  and  cladding  can  be 
very  close,  i.e.,  WcL^ciad^1*  a  small  change  in  the  ambi¬ 
ent  refractive  index  can  result  in  a  large  wavelength  shift. 
Thus,  a  wide  tuning  range  can  be  achieved.  Most  recently, 
a  50-nm  tuning  range  filter  was  reported  by  thermally  tun¬ 
ing  the  effective  refractive  index.9  Although  a  wide  tuning 
range  was  achieved,  the  tuning  speed  is  still  very  limited 
due  to  the  use  of  low-speed  thermal  tuning. 

To  substantially  increase  the  tuning  speed  while  main¬ 
taining  the  advantages  of  a  wide  tuning  range  and  no  me¬ 
dium  transformation  of  the  LPG,  instead  of  using  regular 
cladding  and  ambient  materials,  the  tunable  filter  can  con¬ 
sist  of  an  LPG  written  inside  the  silica  fiber  core  and  this 
unique  electro-optic  polymer  as  cladding  layer.  Figure  3 
shows  the  structure  of  the  proposed  filter.  The  filter  consists 
of  a  fiber  core  and  two  cladding  layers.  The  LPG  is  fabri¬ 
cated  in  the  fiber  core.  The  first  cladding  layer  is  a  regular 
silica  fiber  cladding.  The  second  cladding  layer  is  the 
P(VDF-TrFE)  electro-optic  copolymer  cladding  layer.  The 
refractive  index  of  this  layer  can  be  tuned  by  applying  the 
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voltage  through  the  transparent  electrodes,  as  marked  in 
Fig.  3.  Note  that,  this  polymer  is  a  very  good  candidate  for 
this  application  due  to  the  following  reasons: 

1 .  The  electro-optic  coefficient  is  relatively  large  so  that 
relatively  low  driving  voltage  can  be  used. 

2.  The  refractive  index  of  this  polymer  is  1.42,  which  is 
very  close  to  the  silica  cladding  refractive  index. 
Thus,  a  small  change  in  the  refractive  index  can  re¬ 
sult  in  a  large  change  in  the  shift  of  wavelength  re¬ 
sponse. 

To  minimize  the  influence  of  the  electrodes,  the  thickness 
of  the  electrode  layers  will  be  very  thin,  <  1  fi m.  Thus,  by 
controlling  the  voltage  across  the  polymer  cladding  layer, 
the  wavelength  spectrum  of  the  filter  can  be  fast  and  widely 
tuned. 

5  Conclusions 

The  electro-optic  coefficient  of  electron-irradiated  (PVDF- 
TrFE)  copolymer  was  measured.  We  found  that  the  electro¬ 
optic  coefficient  r3 3  is  relatively  good  at  about  40  pm/V.  In 
particular,  since  this  polymer  also  has  a  very  large  electros- 
trictive  effect,  the  combination  of  two  effects  (i.e.,  electros- 
trictive  and  electro-optic  effects)  make  it  more  flexible  for 
producing  electro-optic  components  such  as  fast-speed 
switching,  tunable  filters,  which  are  critically  needed  in  in¬ 
formation  optics. 
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ABSTRACT:  The  low  elastic  modulus  and  the  ability  to  withstand  high  strain  without 
failure  make  the  conducting  polymer  attractive  for  a  wide  range  of  acoustic  applications 
based  on  high-strain  electroactive  polymers.  In  this  article,  we  examine  the  electric  and 
electromechanical  performance  of  all-polymer  electromechanical  systems,  fabricated  by 
painting  conductive  polyaniline  (PANI)  doped  with  camphor  sulfonic  acid  (HCSA)  on 
both  sides  of  electrostrictive  PolyCvinylidene  fluoride-trifluoroethylene)  (P(VDF-TrFE)) 
copolymer  films,  and  compare  them  with  those  from  the  same  copolymers  with  gold 
electrodes.  The  all-polymer  composite  films  are  flexible,  with  strong  coherent  interfaces 
between  the  electrostrictive  polymer  layer  and  the  conductive  polymer  layer.  The 
electric  performance  such  as  dielectric  properties  and  polarization  hysteresis  loops  from 
P(VDF-TrFE)/PANI  film  is  nearly  identical  to  those  of  P(VDF-TrFE)/gold  films  in  a 
wide  temperature  (from  -50  to  120°C),  and  frequency  range  (from  1  Hz  to  1  MHz).  The 
all-polymer  systems  also  show  a  similar  or  even  larger  electric  field  induced  strain 
response  than  that  of  films  with  electrodes  under  identical  measurement  conditions. 
The  results  demonstrate  that  the  polyaniline/HCSA  is  good  candidate  material  as  the 
electrodes  for  electroactive  polymers.  ©  2000  John  Wiley  &  Sons,  Inc.  J  Appl  Polym  Sci  75: 
945-951,  2000 

Key  words:  electrostrictive  polymer;  conducting  polymer;  poly(vinylidene  fluoride- 
trifluoroethylene)  copolymer;  polyaniline;  all-polymer  systems 


INTRODUCTION 

Polymers  that  exhibit  a  large  strain  response  in¬ 
duced  by  electric  fields  have  attracted  a  great  deal 
of  attention  in  recent  years.  These  polymers  in¬ 
clude  Polyvinylidene  fluoride  (PVDF)  and  its  co¬ 
polymer  with  trifluoroethylene,  polyurethane, 
odd-numbered  nylons,  etc.  Recently,  we  reported 
that  electron-irradiated  P(VDF-TrFE)  copoly¬ 
mers  exhibit  an  exceptionally  high  electrostric- 
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tive  response,1  which  will  have  a  great  impact  in 
transducer,  sensor,  and  actuator  technologies.2 
However,  increased  interest  in  using  high  strain 
electroactive  polymeric  materials  for  elec¬ 
troacoustic  and  electromechanical  applications 
also  raises  the  issue  of  new  electrode  materials  to 
meet  new  requirements  and  to  provide  better  per¬ 
formance.  For  instance,  to  achieve  high  acoustic 
transparency,  very  small  acoustic  impedance  mis¬ 
matching  between  the  electrode  and  electrostric¬ 
tive  polymers  is  required.  Because  of  a  high  elas¬ 
tic  modulus  compared  with  electrostrictive  poly¬ 
mers,  the  commonly  used  metal  electrodes,  such 
as  Au  and  Al,  may  impose  mechanical  clamping 
on  the  polymer,  which  can  reduce  the  electric  field 
induced  strain  level  and  the  efficiency  of  the  elec- 
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tromechanical  transduction.  In  addition,  in  the 
newly  developed  electrostrictive  P(VDF-TrFE)  co¬ 
polymer,  a  large  transverse  strain,  more  than  3%, 
can  be  achieved.3  In  general,  at  such  a  high  strain 
level,  thin  metal  electrodes  will  crack  and  cause 
failure  in  the  devices.  Hence,  a  new  electrode 
material  that  can  lower  the  clamping  effect  and 
withstand  high  strain  is  highly  desirable.  It  is 
believed  that  a  conducting  polymer  electrode  will 
meet  these  requirements.4,5  Due  to  the  flexibility, 
low  acoustic  impedance,  and  elastic  modulus  of 
conductive  polymer  electrodes,  such  all-polymer 
electrostrictive  systems  may  improve  the  perfor¬ 
mance  of  electromechanical  polymer  materials  in 
acoustic  and  electromechanical  applications. 

For  electroacoustic  and  electromechanical  ap¬ 
plications,  in  addition  to  the  mechanical  proper¬ 
ties  of  the  electrodes,  the  possible  effect  of  con¬ 
ductive  polymers  on  the  electric  and  also  electro¬ 
mechanical  responses  of  the  polymer  systems 
should  also  be  examined.  For  example,  in  many 
applications,  a  high  electric  power  and  high  elec¬ 
tric  field  will  be  delivered  through  polymer  elec¬ 
trodes  in  electromechanical  devices,  and  hence, 
the  current  density  under  high  voltage  of  the  con¬ 
ductive  polymer  electrode  is  of  great  concern.  Fur¬ 
thermore,  these  polymer  electrodes  should  be  able 
to  operate  in  a  relatively  wide  temperature  and 
frequency  range. 

As  one  of  the  most  promising  conductive  poly¬ 
mers,  Polyaniline  (PANI)  has  been  studied  exten¬ 
sively  in  the  past  decade  because  of  its  many 
attractive  features:  the  monomer  is  relatively  in¬ 
expensive,  the  polymerization  method  is  simple 
with  high  yield;  and  more  importantly,  PANI  ex¬ 
hibits  higher  stability  in  air  than  other  conduct¬ 
ing  polymers.  After  doping  with  functional  pro¬ 
tonic  acid,  such  as  camphor  sulfonic  acid  (HCSA) 
and  dodecylbenesulfonic  acid  (DBSA),  the  conduc¬ 
tivity  of  polyaniline  film  can  reach  as  high  as  300 
S/cm.6,7  Moreover,  functionally  doped  PANI  can 
be  dissolved  in  common  solvents  and  processed  in 
the  conducting  form  directly,  and  therefore,  re¬ 
quires  no  postprocessing  chemical  treatment. 
This  is  quite  convenient  for  applications  in  elec¬ 
tromechanical  and  microelectronic  devices,  espe¬ 
cially  in  multilayer  polymer  devices.  In  addition, 
it  has  been  shown  that  PANI  doped  with  HCSA 
can  carry  a  relatively  high  current  density  with¬ 
out  failure.8 

In  this  article,  an  all-polymer  system,  consist¬ 
ing  of  electrostrictive  poly(vinylidene  fluoride-tri- 
fluoroethylene)  copolymer  and  polyaniline  doped 
with  HCSA  and  casting  from  m-cresol,  was  fabri¬ 


cated.  In  this  system,  a  thin  layer  of  about  1-jum 
thick  soft  conducting  PANI/HCSA  was  coated 
onto  opposing  surfaces  of  P(VDF-TrFE)  films  to 
form  a  sandwich  structure.  The  dielectric  proper¬ 
ties  of  this  all-polymer  system  were  characterized 
over  a  wide  temperature  and  frequency  range. 
The  polarization  and  electric  field  induced  strain 
were  also  evaluated.  These  results  are  compared 
with  those  of  gold  electroded  films.  The  results 
demonstrate  that  the  all-polymer  films  exhibit 
comparable  dielectric  properties  to  gold-elec- 
troded  P(VDF-TrFE)  films  in  a  wide  temperature 
(from  —50  to  120°C)  and  frequency  range  (from  1 
Hz  to  1  MHz).  In  addition,  the  all-polymer  films 
seem  to  show  similar  or  even  larger  electric  field 
induced  strain  responses  than  those  from  films 
with  gold  electrodes  under  identical  measure¬ 
ment  conditions. 


EXPERIMENTAL 
Sample  Preparation 

The  P(VDF-TrFE)  copolymer  with  different  vi- 
nylidene  content  was  from  Solvay  and  Cie  of 
Bruxelles,  Belgium.  In  the  present  work,  the  con¬ 
tent  of  vinylidene  are  50  and  65%  (mol  percent), 
denoted  as  P(VDF-TrFE)  50/50  and  P(VDF-TrFE) 
65/35,  respectively.  The  films  were  prepared  by 
melt-pressing  powder  at  225°C  and  then  slowly 
cooling  it  to  room  temperature.  The  final  film 
thickness  was  about  30  /am.  Two  types  of  films 
were  prepared  for  the  investigation  of  irradiated 
films:  unstretched  and  stretched  films.  For  un¬ 
stretched  films,  they  were  annealed  at  140°C  un¬ 
der  vacuum  for  24  h  and  then  cooled  down  slowly 
to  room  temperature  before  the  irradiation.  For 
stretched  films,  films  were  uniaxially  stretched  at 
a  temperature  between  25— 50°C  with  a  stretching 
ratio  of  five  times.  The  films  were  then  annealed 
at  140°C  under  vacuum  for  24  h  and  afterwards 
cooled  down  slowly  to  room  temperature.  The  ir¬ 
radiation  was  carried  out  at  either  95  or  120°C 
under  nitrogen  atmosphere  by  electrons  at  3  MeV 
energy  with  different  doses. 

Polyaniline  in  salt  form  was  prepared  by  chem¬ 
ical  oxidation  of  aniline  with  ammonium  persul- 
phates  oxidant  in  1.5M  HC1  solution  at  about  0°C 
according  to  the  ref.  9.  An  emeraldine  base  form 
(EB)  of  PANI  was  obtained  by  treating  the  salt 
form  with  3%  NH40H  for  2  h.  The  EB  powder  was 
mixed  with  HCSA  in  the  molar  ratio  of  0.5  HCSA 
per  repeat  unit  of  PANI.  The  mixture  was  ground 
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under  a  nitrogen  atmosphere  to  a  fine  powder  and 
then  dissolve  in  m-cresol.  The  solution  was 
treated  in  an  ultrasonic  bath  and  subsequently 
centrifuged.  Minor  insoluble  solids  were  removed 
by  decanting. 

To  prepare  conductive  polymer  electrodes,  the 
solution  of  PANI/HCSA  was  coated  on  both  sides 
of  the  P(VDF-TrFE)  film  by  either  printing  or 
stamping  with  a  mask.  The  composite  films  were 
dried  with  an  infrared  lamp  in  the  hood  for  10  min 
to  remove  the  solvent.  The  temperature  was  con¬ 
trolled  below  50°C.  The  thickness  of  conductive 
polymer  layer  can  be  adjusted  by  varying  the 
concentration  of  PANI/HCSA  solution  and  coat¬ 
ing  times.  The  temperature  must  be  controlled  to 
below  50°C  when  the  composite  films  are  dried; 
otherwise,  there  will  be  some  dissolving  of 
P(VDF-TrFE)  in  the  interface  between  the  PANI 
layer  and  the  P(VDF-TrFE)  layer  though  the  sol¬ 
vent,  i.e.,  m-cresol,  evaporates  easily  in  the  hood 
at  a  higher  temperature.  However,  after  irradia¬ 
tion  at  appropriate  conditions,  P(VDF-TrFE)  co¬ 
polymers  become  highly  crosslinked,  and  will  not 
be  dissolved  in  any  solvent.  The  composite  films 
are  soft  and  flexible. 

Gold  electroded  P(VDF-TrFE)  films  were  also 
prepared  by  sputting  Au  on  opposing  faces  of  the 
films.  The  thickness  of  the  gold  layer  is  about  500 
A.  For  conductivity  measurement,  freestanding 
PANI/HCSA  films  were  obtained  by  casting  the 
above-mentioned  solution  on  a  glass  slide  and 
dried  on  a  hot  plate  at  50°C. 

Measurement  of  Relevant  Properties 

The  polarization  hysteresis  loops  of  these  films 
were  measured  by  a  Sawyer  Tower  circuit10  at  the 
frequency  of  1  and  10  Hz  under  different  electric 
fields. 

Dielectric  properties  of  the  P(VDF-TrFE)  films 
with  conductive  polymer  electrodes  were  charac¬ 
terized  and  compared  with  those  of  the  P(VDF- 
TrFE)  films  with  gold  electrodes.  The  tempera¬ 
ture  dependence  of  dielectric  properties  was  mea¬ 
sured  on  DEA  2870  Dielectric  Analyzer  (TA 
Instruments  Co.,  30  Hz-100  kHz)  in  the  temper¬ 
ature  range  from  —50  to  130°C.  The  heating  rate 
employed  was  2°C/min.  The  frequency  depen¬ 
dence  of  dielectric  properties  was  measured  using 
an  HP  4192A  Impedance  Analyzer  in  the  fre¬ 
quency  range  between  100  Hz  and  13  MHz. 

The  electric  field  induced  strain  was  character¬ 
ized  with  bimorph-based  strain  sensors  designed 
specially  for  polymer  film  strain  measurement  in 


our  lab,11  which  consists  of  a  piezoelectric  bi¬ 
morph-based  cantilever  dilatometer,  a  lock-in  am¬ 
plifier  (Stanford  Research  System  SR830  DSP), 
and  a  high  voltage  source  (KEPCO-BOP  1000M). 


RESULTS  AND  DISCUSSION 

The  so-prepared  all-polymer  systems  have  a 
sandwich  structure  of  (PANI/HCSA)|P(VDF- 
TrFE)|(PANI/HCSA).  The  electrostrictive  P(VDF- 
TrFE)  copolymer  acts  as  the  functional  layer  and 
the  green,  semitransparent  PANI/HCSA  layer  as 
electrodes.  Different  shapes  of  electrodes  for  dif¬ 
ferent  measurements  can  be  prepared  by  coating 
conductive  polymer  with  different  masks. 

The  electrical  conductivity  was  measured  by 
the  standard  four-probe  method  on  free-standing 
films  casting  from  above-mentioned  PANI/HCSA 
solution.  The  conductivity  is  about  250  S/cm.  The 
current  density  was  also  measured  on  free-stand¬ 
ing  PANI/HCSA  films,  the  limiting  value  is  about 
1500  A/cm2.  As  will  be  shown  in  the  following,  the 
conductivity  and  current  density  of  PANI/HCSA 
are  appropriate  for  its  intended  use  in  the  present 
research. 

Polarization  Hysteresis  Loops  and  Field-Induced 
Strain  Responses 

The  polarization  hysteresis  loop  is  one  of  the  most 
important  characteristics  of  ferroelectric  materi¬ 
als,  which  reflects  directly  the  microstructure  of 
materials.  The  typical  hysteresis  loops  for  P(VDF- 
TrFE)/PANI  and  P(VDF-TrFE)/gold  films  are 
shown  in  Figure  l(a)-(b).  Figure  1(a)  is  for 
P(VDF-TrFE)  65/35  unstretched  films  before  any 
irradiation  treatment,  and  the  films  have  not 
been  annealed  at  high  temperature  (hence,  the 
polarization  level  is  not  very  high).  Figure  1(b)  is 
for  stretched  65/35  films  irradiated  at  120°C  with 
60  Mrad  doses.  The  polarization  loops  measured 
from  the  conducting  polymer  electrode  and  gold 
electrode  show  a  quite  similar  polarization  loop. 
The  coercive  fields  and  the  remnant  polarization 
of  P(VDF-TrFE)  films  with  two  different  electrode 
systems  measured  at  different  electric  fields  also 
exhibit  closed  values.  The  similar  results  were 
observed  for  the  polarization  hysteresis  loops 
measured  at  10  Hz.  The  results  indicate  that  elec¬ 
trically,  the  conductive  polymer  can  sustain  an 
electric  field  more  than  120  MV/m  (the  voltage 
limit  of  the  polarization  measurement  setup)  with 
a  similar  performance  as  that  of  the  gold  elec- 
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Figure  1  The  polarization  hysteresis  loops  of  P(VDF- 
TrFE)  65/35  copolymer  (a)  unirradiated  and  un¬ 
stretched  films,  (b)  films  of  stretched  and  irradiated 
with  60  Mrad  at  95°C. 


trode.  It  is  concluded  that  the  all-polymer  films 
show  similar  polarization  properties  as  the  gold 
electroded  films  under  identical  measurement 
condition. 

The  electrostrictive  strains  of  the  irradiated 
unstretched  P(VDF-TrFE)  65/35  copolymers  were 
measured  and  Figure  2  compares  the  longitudinal 
strain  induced  by  external  electric  fields  in  the 
P(VDF-TrFE)  films  with  conductive  polymer  elec¬ 
trodes  and  with  gold  electrodes,  respectively.  The 
data  is  presented  as  the  amplitude  of  the  induced 
strain  vs.  the  amplitude  of  the  applied  field. 
Clearly,  the  two  yield  nearly  identical  results  for 
applied  electric  fields  up  to  140  MV/m.  Figure  2(b) 
shows  the  slim  strain  hysteresis  loops  measured 
from  the  two  systems,  which  are  also  very  similar 
to  each  other.  It  should  be  pointed  out  that  al¬ 
though  the  data  in  Figure  2  shows  that  the  lon¬ 
gitudinal  strains  for  the  unstretched  65/35  films 
are  nearly  identical  for  films  with  different  elec¬ 
trode  materials;  in  some  cases  studied,  the  films 
with  conducting  polymer  electrodes  exhibit 
slightly  higher  strains  than  those  from  gold  elec¬ 
troded  films. 

For  electromechanical  applications,  in  addition 
to  the  longitudinal  response,  the  transverse 
strain  response  is  also  of  great  importance. 


Transverse  strain  responses  are  utilized  in  many 
areas,  and  because  the  applied  electric  field  is 
perpendicular  to  the  strain  direction,  it  offers  a 
convenient  means  in  generating  large  actuation 
over  large  distances  without  the  need  to  raise  the 
driving  voltage.  Interestingly,  for  unstretched 
films,  the  transverse  strains  are  quite  small  com¬ 
pared  with  longitudinal  strains,  and  hence,  they 
were  not  investigated  here  further.  On  the  other 
hand,  for  stretched  films,  it  was  found  that  a  large 
transverse  strain  can  be  achieved  along  the 
stretching  direction.  Figure  3  illustrates  the  elec¬ 
tric  field  induced  transverse  strains  of  stretched 
(PVDF-TrFE)  65/35  films  measured  along  the 
stretching  direction  and  the  comparison  between 
the  films  with  PANI  and  with  gold  electrodes. 
These  films  were  irradiated  with  60  and  70  Mrad 
doses  at  95  °C.  The  transverse  strain  measured 
from  PANI  electroded  films  is  higher  than  that 
from  gold  electroded  films.  Part  of  the  reasons  for 
this  difference  could  be  due  to  the  reduced  me¬ 
chanical  clamping  from  the  electrodes.  In  addi¬ 
tion,  due  to  the  match  of  the  acoustic  impedance 
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Figure  2  Comparison  of  the  longitudinal  electric  field 
induced  response  of  P(VDF-TrFE)  films  (65/35,  un¬ 
stretched  and  irradiated  at  60  Mrad,  120°C)  with  a 
conductive  polymer  electrode  and  a  gold  electrode,  (a) 
The  amplitude  of  longitudinal  strain  as  a  function  of 
the  amplitude  of  applied  electric  field;  (b)  strain  hys¬ 
teresis  loops. 
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Figure  3  Transverse  strain  responses  induced  by 
electric  fields  of  stretched  irradiated  P(VDF-TrFE) 
65/35  films  with  a  conductive  polymer  electrode  and  a 
gold  electrode:  (a)  irradiated  with  60  Mrad  at  95°C,  and 
(b)  70  Mrad  at  95°C. 

of  the  conductive  polymer  electrode  with  that  of 
the  electrostrictive  polymers,  all-polymer  systems 
may  improve  the  performance  of  electrostrictive 
polymer  systems  in  acoustic  and  ultrasonic  appli¬ 
cations. 

For  the  polymer  films  investigated,  the  trans¬ 
verse  strain  responses  are  smaller  than  longitu¬ 
dinal  strain  responses. 

Dielectric  Properties 

The  results  presented  show  that  the  conductive 
polymer  studied  here  is  suitable  for  the  electrodes 
on  electroactive  polymers.  To  probe  the  properties 
further,  it  is  necessary  to  carry  out  a  study  over  a 
broad  temperature  and  frequency  range.  For  ex¬ 
ample,  in  our  early  study  of  conductive  polypyr¬ 
role  electrode-polyurethane  system,  it  was  found 
that  at  temperatures  above  40°C  there  is  a  large 
increase  in  the  measured  dielectric  loss  from  the 
system  due  to  the  dehydration  phenomena  in  the 
conductive  polypyrrole.12  Thus,  the  dielectric 
properties  of  the  polymer  systems  are  character¬ 
ized  in  a  broad  temperature  and  frequency  range. 

Temperature  dependence  of  the  dielectric  con¬ 
stant  and  dielectric  loss  measured  at  100  kHz  for 


the  electron  irradiated  P(VDF-TrFE)  50/50  copol¬ 
ymer  films  (unstretched  and  irradiated  with  30 
Mrad  at  120°C)  with  conductive  polymer  elec¬ 
trodes  are  shown  in  Figure  4,  which  are  nearly 
the  same  as  the  dielectric  properties  of  the  same 
copolymer  with  gold  electrodes  shown  in  the  same 
figure.  This  demonstrates  that  the  polymer  elec¬ 
trode  developed  here  works  well  in  the  tempera¬ 
ture  range  at  least  from  -50  to  +120°C,  which  is 
more  than  enough  for  most  applications  using  the 
P(VDF-TrFE)  copolymers.  Although  Figure  4  pre¬ 
sents  the  data  measured  at  100  kHz,  the  data 
obtained  at  other  frequencies  also  show  the  sim¬ 
ilar  results  (from  30  Hz  to  100  kHz).  The  drop  of 
the  dielectric  constant  of  gold  electroded  films  at 
high  temperatures  (~~  125°C)  is  due  to  the  melt  of 
the  sample.  It  is  interesting  to  note  that  after  the 
high-temperature  dielectric  measurement,  the 
gold  electroded  films  deformed  while  the  films 
with  conductive  polymer  electrodes  were  intact, 
which  could  be  caused  by  a  large  difference  in 
thermal  expansion  between  the  gold  electrodes 
and  P(VDF-TrFE)  films. 

The  temperature  range  investigated  covers  the 
main  transitions  of  irradiated  P(VDF-TrFE)  co¬ 
polymers,  i.e.,  the  glass  transition  (at  about 
-25°C)  in  the  amorphous  and  the  melting  process 
(about  120°C)  in  the  crystal  phase.  This  indicates 
that  the  conductive  PANI/HCSA  electrodes  func¬ 
tion  well,  and  do  not  have  the  problem  as  encoun¬ 
tered  in  the  conductive  polypyrrole  electrode.11  In 
addition,  the  method  of  preparing  polymer  elec¬ 
trodes  in  the  present  work  is  simple  and  takes  a 
little  time. 

The  frequency  dependence  of  the  dielectric  con¬ 
stant  and  loss  of  P(VDF-TrFE)  50/50  copolymer 
films  with  different  electrodes  and  measured  at 
room  temperature  is  shown  in  Figure  5.  It  is 


Temperature,  °C 

Figure  4  Temperature  dependence  of  the  dielectric 
constant  and  dielectric  loss  of  PANI  electroded  and  gold 
electroded  irradiated  P(VDF-TrFE)  50/50  copolymer 
unstretched  film  irradiated  with  30  Mrad  at  120°C. 
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Figure  5  Comparison  of  frequency  dependence  of  the 
dielectric  constant  and  dielectric  loss  of  conductive 
polymer  electroded  and  gold  electroded  P(VDF-TrFE) 
650/35  copolymer  film  (stretched  and  irradiated  with 
60  Mrad  at  95°C). 


observed  that  the  two  systems  show  very  similar 
dielectric  properties  over  a  wide  frequency  range. 
The  dielectric  loss  is  nearly  identical  in  frequen¬ 
cies  from  100  Hz  to  300  kHz,  and  the  dielectric 
constant  exhibits  nearly  the  same  value  in  fre¬ 
quencies  from  100  Hz  to  2  MHz.  When  the  fre¬ 
quency  is  higher  than  300  kHz,  the  dielectric  loss 
of  P(VDF-TrFE)  film  with  conductive  polymer 
electrodes  starts  increasing  and  becomes  higher 
than  that  measured  from  the  film  with  gold  elec¬ 
trodes.  The  dielectric  constant  of  PANI  electroded 
film  is  lower  than  that  of  gold  electroded  film 
above  2  MHz. 

The  increase  of  the  dielectric  loss  at  high  fre¬ 
quencies  is  due  to  the  higher  resistivity  of  the 
conductive  polymer  electrodes  compared  with 
gold  electrodes.  Using  a  model  of  a  resistor  in 
series  with  a  P(VDF-TrFE)  capacitor  that  has  the 
complex  dielectric  constant  as  those  from  the 
P(VDF-TrFE)/gold  electrode  system,  the  loss  data 
of  the  P(VDF-TrFE)/PANI  system  can  be  repro¬ 
duced  very  well,  as  shown  in  Figure  6.  Here,  the 
resistor  in  the  model  has  a  frequency  independent 
resistance  of  1  kfl,  indicating  that  at  weak  fields, 
the  resistivity  of  the  conductive  polymer  used 
here  is  not  frequency  dependent  in  the  frequency 
range  examined  (up  to  10  MHz).  In  addition,  the 
resistance  value  of  1  kfl  is  very  close  to  what  is 
expected  from  that  determined  using  the  conduc¬ 
tivity  and  dimensions  of  the  conductive  polymer 
electrodes.  The  consistence  between  the  mea¬ 
sured  and  model  results  indicate  that  the  dielec¬ 
tric  behaviors  of  P(VDF-TrFE)  film  itself  with  the 
conductive  PANI  electrode  are  the  same  as  those 
with  the  gold  electrode.  That  is,  the  conductive 
polymer  electrode  does  not  change  the  P(VDF- 


TrFE)  films.  Thus,  there  is  no  fundamental  limi¬ 
tation  in  using  the  conductive  polymer  electrodes 
for  P(VDF-TrFE)  copolymers  for  electromechani¬ 
cal  and  electroacoustic  applications.  The  main  is¬ 
sue  to  be  addressed  is  how  to  reduce  the  resis¬ 
tance  of  the  conductive  polymer  electrodes,  which 
may  be  solved  by  increasing  the  conductivity 
or  the  thickness  of  the  conductive  polymer  elec¬ 
trode. 


CONCLUSIONS 

All-polymer  electromechanical  systems  were  fab¬ 
ricated  with  electrostrictive  poly(vinylidene  fluo- 
ride-trifluoroethylene)  copolymer  and  conductive 
polyaniline  doped  with  camphor  sulfonic  acid. 
The  P(VDF-TrFE)/PANI  composite  films  are  soft 
and  flexible  with  strong  coherent  interfaces  be¬ 
tween  an  electrostrictive  polymer  layer  and  a  con¬ 
ductive  polymer  layer.  These  all-polymer  systems 
exhibit  similar  dielectric  properties  as  those  from 
P(VDF-TrFE)  films  with  the  gold  electrode  in  a 
wide  temperature  (from  -50  to  120°)  and  fre¬ 
quency  range  (from  100  Hz  to  1  MHz).  The 
P(VDF-TrFE)/PANI  and  P(VDF-TrFE)/gold  also 
exhibit  similar  polarization  hysteresis  loops. 
Moreover,  in  many  cases,  the  all-polymer  systems 
show  a  larger  electric  field-induced  strain  re¬ 
sponse  than  that  of  films  with  gold  electrodes 
under  identical  measurement  conditions.  The  ex¬ 
perimental  results  suggest  that  as  far  as  the 
P(VDF-TrFE)  film  itself  is  concerned,  the  conduc¬ 
tive  PANI  electrodes  function  in  a  very  similar 
manner  as  that  of  the  gold  electrodes.  Most  of  the 


100  Ik  10k  100k  1M  10M 

Frequency  (Hz) 

Figure  6  Simulation  of  frequency  dependence  of  di¬ 
electric  loss  for  the  data  from  the  film  with  a  conductive 
polymer  electrode.  The  solid  curve  is  from  the  simula¬ 
tion  and  the  pluses  are  the  experimental  data  from  the 
film  with  conductive  polymer  electrode.  There  is  close 
agreement  between  the  simulation  and  the  data.  The 
open  circles  are  the  data  from  the  gold  electroded  film. 
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observed  differences  between  the  two  systems  can 
be  accounted  for  by  the  difference  in  the  electric 
resistance  and  elastic  modulus  between  the  two 
different  electrodes. 
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This  letter  reports  the  ferroelectric  and  electromechanical  properties  of  a  class  of  ferroelectric 
polymer,  poly(vinylidene-fluoride-trifluoroethylene-chlorotrifluoroethylene)  terpolymer,  which 
exhibits  a  slim  polarization  hysteresis  loop  and  a  high  electrostrictive  strain  at  room  temperature. 
The  dielectric  and  polarization  behaviors  of  this  terpolymer  are  typical  of  the  ferroelectric  relaxor. 
The  x-ray  and  Fourier  transform  infrared  results  reveal  that  the  random  incorporation  of  bulky 
chlorotrifluoroethylene  (CTFE)  ter-monomers  into  polymer  chains  causes  disordering  of  the 
ferroelectric  phase.  Furthermore,  CTFE  also  acts  as  random  defect  fields  which  randomize  the  inter- 
and  intrachain  polar  coupling,  resulting  in  the  observed  ferroelectric  relaxor  behavior.  ©  2001 
American  Institute  of  Physics.  [DOI:  1 0. 1 063/1 . 1358847] 


Polymers  with  large  electromechanical  responses  are  at¬ 
tractive  for  a  broad  range  of  applications.  Among  them,  the 
poly(vinylidene-fluoride-trifluoroethylene)  [P(VDF-TrFE)] 
copolymers  are  especially  interesting  because  of  their  rela¬ 
tively  high  piezoelectric  response  and  thermal  and  chemical 
stability.1"3  Recently,  it  has  been  observed  that  with  a  proper 
high-energy  electron  irradiation  treatment,  P(VDF-TrFE) 
copolymers  at  compositions  near  65/35  mol  %  exhibit  a  high 
electrostrictive  strain  and  improved  electromechanical  cou¬ 
pling  factors  (electromechanical  conversion  efficiency).4"7  In 
addition,  the  modified  copolymers  possess  a  relatively  high- 
room-temperature  dielectric  constant  and  exhibit  many  fea¬ 
tures  typical  of  ferroelectric  relaxors.4"7  These  results  dem¬ 
onstrate  that  the  properties  of  P(VDF-TrFE)-based  polymers 
can  be  modified  and  improved  markedly  by  the  introduction 
of  “defect”  structures.  In  this  letter,  we  report  on  the  elec¬ 
tromechanical  and  ferroelectric  properties  of  another  poly¬ 
mer  based  on  the  concept  of  the  defect  structure  modification 
of  the  P(VDF-TrFE)  polymer  system,  poly(vinylidene- 
fiuoride-trifluoroethylene-chlorotrifluoroethylene)  terpoly¬ 
mer  [P(VDF-TrFE-CTFE)].  It  will  be  shown  that  the  intro¬ 
duction  of  “bulky”  CTFE  into  the  P(VDF-TrFE) 
copolymer  converts  the  normal  ferroelectric  P(VDF-TrFE) 
into  a  ferroelectric  relaxor  with  high  electrostrictive  strain. 

P(VDF-TrFE-CTFE)  terpolymer  was  synthesized  using 
the  bulk  polymerization  method.  The  VDF/TrFE  ratio  was 
evaluated  from  the  19F  NMR  spectrum;  the  CTFE  mol  %  was 
determined  by  element  analysis.  To  facilitate  the  discussion 
and  comparison  with  the  P(VDF-TrFE)  copolymer,  the 
composition  of  the  terpolymer  is  labeled  as 
VDFx-TrFE1_Jt-CTFE>?,  where  the  mole  ratio  of  VDF/ 
TrFE  is  x/1  —x  and  the  y  is  the  mol  %  of  CTFE  in  the  ter¬ 
polymer.  In  this  investigation,  terpolymers  in  the  composi¬ 
tion  range  from  x = 60%  to  80%  and  y  —  4%  to  13%  were 
synthesized  and  evaluated.  Among  them,  the  terpolymer  of 
65/35/10  exhibits  the  highest  electrostrictive  strain  with  very 


little  polarization  hysteresis  at  room  temperature.  Accord¬ 
ingly,  the  properties  of  the  terpolymer  65/35/10  are  chosen  to 
be  the  subject  of  this  letter. 

The  polymer  films  were  prepared  using  the  solution  cast 
method  by  first  dissolving  P(VDF-TrFE-CTFE)  terpolymer 
in  dimethyl  formamide  (DMF).  The  films  were  subsequently 
annealed  at  a  temperature  between  100  and  120  °C  for  6  h  to 
improve  the  crystallinity.  Gold  electrodes  were  sputtered  on 
the  two  surfaces  of  the  films  for  the  electric  measurement 
and  the  typical  film  thickness  is  about  20  /im.  The  thickness 
of  films  used  in  the  Fourier  transform  infrared  (FTIR)  study 
is  below  5  /xm .  The  strain  along  the  thickness  direction  (lon¬ 
gitudinal  strain  S3)  was  measured  using  a  piezobimorph- 
based  sensor.8  The  Sawyer-Tower  technique  was  used  to 
characterize  the  polarization  response  in  the  films. 

As  the  bulky  and  less  polar  termonomer  CTFE  is  ran¬ 
domly  introduced  into  P(VDF-TrFE)  normal  ferroelectric 
crystals,  it  is  expected  that  the  ferroelectric  transition  will  be 
broadened,  and  that  the  ferroelectric-paraelectric  (FP)  tran¬ 
sition  temperature  will  be  lowered.  Indeed,  as  shown  in  Figs. 
1(a)  and  1(b),  those  features  have  been  observed  in  the  di¬ 
electric  data  for  the  terpolymer  65/35/10.  There  are  three 
main  features  in  the  dielectric  data  of  the  polymer  due  to  the 
addition  of  CTFE:  (1)  the  original  FP  transition  peak  of  the 
65/35  copolymer  is  moved  to  room  temperature;  (2)  the  peak 
becomes  much  broader  and  its  position  shifts  progressively 
with  frequency  towards  higher  temperature;  (3)  there  is  no 
thermal  hysteresis  in  the  dielectric  data,  i.e.,  the  broad  dielec¬ 
tric  peak  stays  at  the  same  temperature  when  measured  in  the 
heating  and  cooling  cycles  [Fig.  1(b)].  In  contrast,  the  co¬ 
polymer  shows  thermal  hysteresis  in  the  dielectric  data.  In 
addition,  the  relationship  between  the  measuring  frequency  / 
and  the  dielectric  peak  temperature  Tm  follows  quite  well  the 
Vogel-Folcher  (VF)  law,  as  shown  in  the  inset  of  Fig.  1(a),9 


f—fo  exp 


-U 


k(Tm-Tf) 


^Electronic  mail:  qxzl@psu.edu 


where  U  is  a  constant  and  k  is  the  Boltzmann  constant,  Tf 
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Temperature  (°C) 

FIG.  I.  Terpolymer  P(VDF-TrFE-CTFE)  65/35/10.  (a)  Dielectric  constant 
(solid  curves)  and  dielectric  loss  (dashed  curves)  as  a  function  of  tempera¬ 
ture  at  frequencies  (from  top  to  bottom  for  the  dielectric  constant  and  for  the 
dielectric  loss  from  bottom  to  top):  100,  300,  1,  3,  10,  30  kHz,  0.1,  0.3,  and 
1  MHz.  (b)  Dielectric  constant  at  1  kHz  of  the  65/35/10  terpolymer  and 
65/35  copolymer  for  both  heating  (dashed  curves)  and  cooling  (solid  curves) 
cycles  measured  at  room  temperature. 


can  be  regarded  as  the  freezing  temperature,  corresponding 
to  the  peak  temperature  of  the  static  dielectric  constant  (~0 
Hz  frequency),  and  the  prefactor  /0  is  the  upper-frequency 
limit  of  the  system,  corresponding  to  the  dipolar  response 
when  there  is  no  coupling  between  the  dipolar  units  in  the 
system.  The  fitting  yields  £7=8.2  me V,  /0=  15.4  MHz,  and 
Tf=  298.3  K(25.15  °C).  The  results  here  are  quite  similar  to 
those  observed  in  the  irradiated  P(VDF-TrFE)  copolymer.4,6 
It  should  also  be  noted  that  the  terpolymer  possesses  a  high- 
room-temperature  dielectric  constant  (~60  at  1  kHz). 

Figure  2(a)  presents  the  polarization  hysteresis  loops 
measured  at  room  temperature  and  -40  °C  (233  K).  Analo¬ 
gous  to  the  irradiated  copolymers,  the  terpolymer  exhibits  a 
slim  polarization  loop  at  room  temperature,  and  as  the  tem¬ 
perature  is  lowered,  both  the  remanent  polarization  and  co¬ 
ercive  field  increase.  All  these  features  are  remarkably  remi¬ 
niscent  of  ferroelectric  relaxor  behavior  and  the  results 
suggest  that  the  introduction  of  CTFE  into  P(VDF-TrFE) 
copolymers  convert  the  normal  ferroelectric  P(VDF-TrFE) 
copolymer  into  a  material  closely  resembling  the  ferroelec¬ 
tric  relaxor.10 

The  terpolymer  also  exhibits  a  high-field-induced  longi¬ 
tudinal  strain  S  (~ 4 %  under  150  MV/m),  as  shown  in  Fig. 

Downloaded  10  Apr  2001  to  146.186.113.215.  Redistribution 


o 

3 

in 

c 

a 

3' 

5L 

2 


FIG.  2.  Terpolymer  P(VDF-TrFE-CTFE)  65/35/10.  (a)  Polarization  hys¬ 
teresis  loops  measured  at  room  temperature  (20  °C)  and  -40  °C  and  10  Hz. 
(b)  Longitudinal  strain  as  a  function  of  the  driving  field  amplitude  measured 
at  room  temperature  and  10  Hz  (dots  are  data  and  the  solid  line  is  drawn  to 
guide  the  eyes). 


2(b),  which  was  measured  at  room  temperature  and  10  Hz. 
Combining  the  strain  data  with  the  measured  elastic  modulus 
F=0.4GPa  yields  a  relatively  high-elastic-energy  density 
and  the  volumetric  elastic-energy  density  YS2/2  is  0.32 
MJ/m3.4  For  the  copolymer,  the  corresponding  strain  is 
0.15%  and  the  volumetric  elastic  energy  density  is  0.0045 
MJ/m3.5 

At  this  point,  it  is  worthwhile  to  examine  in  more  detail 
the  effect  of  randomly  introducing  the  termonomer  CTFE  or 
chlorine  into  the  polymer  chain  and  into  the  crystal.  In  com¬ 
parison  with  the  hydrogen  and  fluorine  atoms,  which  have 
van  der  Waals  (vdW)  radii  of  1.2  and  1.35  A,  respectively, 
chlorine  has  a  much  larger  vdW  radius  of  1.8  A.  As  a  result, 
when  considering  the  steric  effects  on  the  intrachain  ener¬ 
gies,  the  addition  of  chlorine  to  the  polymer  chain  should 
favor  the  formation  of  transbond  (7)  rather  than  gauche  ( G ) 
conformations.  In  the  gauche  conformation,  substitution  of 
chlorine  in  the  polymer  chain  produces  unfavorable  1,  4 
steric  repulsions  between  chlorine  and  fluorine  atoms  that 
can  only  be  relieved  by  bond  rotations  to 
all-transconformations.11  However,  in  order  to  accommodate 
the  larger  chlorine  atom  and  relieve  steric  congestion,  the 
interchain  spacing  in  the  crystalline  phase  in  the  terpolymers 
can  expand  and  thereby  favor  energetically  transgauche  (TG) 
conformations  in  the  neighboring  chain  segments.  The  deli¬ 
cate  balance  between  those  effects  appears  to  leave  room  for 
incorporation  of  a  certain  number  of  gauche  bonds.  Indeed, 
computations  on  molecular  models  of  terpolymers  provide 
evidence  of  lattice  expansion  when  CTFE  termonomer  units 
are  substituted  for  TrFE  monomers.12  In  addition,  these  cal¬ 
culations  demonstrate  that  substitution  of  chlorine  in  the 
polymer  chains  raises  the  inter-  and  intrachain  energies  of 
TGTG  forms  to  a  greater  extent  than  those  of  T3GT3G  and 
all-trans  forms  because  of  steric  repulsions.  Consequently, 
the  formation  of  the  T3G  conformation  appears  more  likely 
in  the  terpolymer.12  Those  features  are  supported  by  the 
x-ray  and  FTIR  studies  described  below.  Furthermore,  the 
random  incorporation  of  CTFE  into  the  VDF-TrFE  chain 
would  be  expected  to  produce  random  fields  to  frustrate  the 
ferroelectric  (polar)  coupling,  both  inter-  and  intrachain, 
which  will  destabilize  the  polar  ordering,  resulting  in  relaxor 
ferroelectric  behavior. 

In  Fig.  3(a),  we  present  the  room-temperature  x-ray  data 
collected  near  the  angular  position  of  the  (200,  110)  reflec¬ 
tion  of  the  P(VDF-TrFE)  copolymer.  The  change  of  the 
subject  to  AIP  copyright,  see  http://ojps.aip.org/aplo/aplcr.jsp 
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FIG.  3.  (a)  Comparison  of  the  x-ray  diffractions  at  20  angle  near  the  (200, 
110)  reflection,  which  shows  the  expansion  of  the  interchain  spacing  due  to 
the  incorporation  of  CTFE  into  the  crystalline  phase  (the  x-ray  wavelength 
is  1.54  A),  (b)  Comparison  of  the  FTIR  data  between  the  terpolymer  and 
copolymer  which  shows  the  reduction  of  the  absorbance  for  T»>3  and  in¬ 
crease  of  the  absorbance  for  the  T3G  conformation  in  the  terpolymer.  Both 
x-ray  and  FTIR  data  were  taken  at  room  temperature. 


crystallinity  due  to  the  introduction  of  CTFE  can  be  esti¬ 
mated  from  the  area  of  the  crystalline  diffraction  peak  and 
amorphous  hola.13  For  the  copolymer,  the  crystallinity  is 
75%  while  for  the  terpolymer  here,  it  is  reduced  to  56%.  For 
the  65/35  mol  %  copolymer,  the  interchain  spacing  from  the 
(110,  200)  reflection  is  4.6  A,  while  with  10  mol%  CTFE, 
this  spacing  is  increased  to  4.8  A,  close  to  the  interchain 
spacing  of  the  paraelectric  phase.  Concomitantly  with  this 
shift  in  the  x-ray  peak  position,  the  peak  width  is  reduced, 
indicating  an  increase  in  the  coherent  x-ray  diffraction 
length.  This  phenomenon  is  common  to  all  the  ferroelectric 
materials,  where  in  the  normal  ferroelectric  phase  the  x-ray 
peak  width  is  limited  by  the  ferroelectric  domain  size,  which 
is  normally  much  smaller  than  the  crystallite  size.  The  ferro¬ 


electric  domains  disappear  in  the  nonferroelectric  phase  and 
the  coherent  x-ray  diffraction  length  is  mainly  determined  by 
the  crystallite  size.14  This  is  consistent  with  the  dielectric  and 
polarization  data  presented  in  Figs.  1  and  2,  indicating  that 
there  is  no  long-range  polar  ordering  in  the  65/35/10  terpoly¬ 
mer.  However,  unlike  the  paraelectric  phase  of  copolymers, 
which  is  predominately  all-transconformation,15  the  molecu¬ 
lar  conformation  of  65/35/10  terpolymer  is  mainly  T3GT3G, 
as  revealed  by  the  FTIR  data  recorded  at  room  temperature 
[Fig.  3(b)].  In  this  analysis,  the  method  by  Osaki  and  Ishida 
was  used  to  calculate  the  fraction  Fi  of  each  chain  confor¬ 
mation: 

F.= - ii - 

'  At+An+Aju' 

where  /=I,  II,  and  III,  and  A j,  Au,  and  Am  are  the  absor¬ 
bencies  of  the  chain  conformations  with  all-trans  (TTO>3,  ab¬ 
sorbance  peak  at  1285  cm-1),  T3GT3G  (peak  at  510  cm-1), 
and  TGTG  (peak  at  610  cm-1),  respectively.16,17  For  the 
copolymer,  the  fraction  of  three  conformations  are  75% 
(Tm>3),  18%  (T3GT3G),  and  7%  (TGTG),  while  for  the 
terpolymer  the  values  change  to  34%  (Tm>3),  61% 
(T3GT3G),  and  5%  (TGTG). 
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5.24.1  INTRODUCTION 

Composite  materials  sometimes  exhibit  im¬ 
proved  properties  and/or  new  functions  com¬ 
pared  with  single-phase  materials.  We  will 
consider  the  principles  of  composite  effects 
and  their  typical  applications  in  this  chapter, 
taking  particularly  piezocomposites  as  typical 
examples,  which  composed  of  a  piezoelectric 
ceramic  and  polymer  are  promising  materials 
because  of  their  excellent  tailorable  properties. 
The  geometry  for  two-phase  composites  can  be 
classified  according  to  the  connectivity  of  each 
phase  (1,  2,  or  3  dimensionally)  into  10  struc¬ 
tures:  0-0,  0-1,  0-2,  0-3,  1-1,  1-2,  1-3,  2-2,  2-3, 
and  3-3.  In  particular,  a  1-3  piezocomposite,  or 
PZT(lead  zirconate  titanate)-rod/polymer-ma- 
trix  composite,  is  considered  most  useful.  The 
advantages  of  this  composite  are  high  coupling 
factors,  low  acoustic  impedance,  good  match¬ 
ing  to  water  or  human  tissue,  mechanical  flex¬ 
ibility,  broad  bandwidth  in  combination  with  a 
low  mechanical  quality  factor,  and  the  possibi¬ 
lity  of  making  undiced  arrays  by  simply  pat¬ 


terning  the  electrodes.  The  acoustic  match  to 
tissue  or  water  (1.5  Mrayls)  of  the  typical  piezo¬ 
ceramics  (20-30  Mrayls)  is  significantly  im¬ 
proved  when  it  is  incorporated  into  such  a 
composite  structure,  that  is,  by  replacing  some 
of  the  dense  and  stiff  ceramic  with  a  less  dense, 
more  pliant  polymer.  Piezoelectric  composite 
materials  are  especially  useful  for  underwater 
sonar  and  medical  diagnostic  ultrasonic  trans¬ 
ducer  applications. 

Another  type  of  composite  comprised  of  a 
magnetostrictive  ceramic  and  a  piezoelectric 
ceramic  produces  an  intriguing  product  effect, 
the  magnetoelectric  effect,  in  which  an  electric 
field  is  produced  in  the  material  in  response  to 
an  applied  magnetic  field. 


5.24.2  CONNECTIVITY 

Newnham  et  al .  (1978)  introduced  the  con¬ 
cept  of  “connectivity”  for  classifying  the  various 
PZT-polymer  composite  structures.  When  con- 
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Figure  1  Classification  of  two-phase  composites  with  respect  to  connectivity  (after  Newnham  et  al.,  1978). 


sidering  a  two-phase  composite,  the  connectiv¬ 
ity  of  each  phase  is  identified;  e.g.,  if  a  phase  is 
self-connected  in  all  x,  y,  and  z  directions,  it  is 
called  “3”;  if  a  phase  is  self-connected  only  in  the 
z  direction,  it  is  called  “  1 A  diphasic  composite 
is  identified  with  this  notation  with  two  num¬ 
bers  m-n,  where  m  stands  for  the  connectivity  of 
an  active  phase  (such  as  PZT)  and  n  for  an 
inactive  phase  (such  as  a  polymer).  In  general, 
there  are  10  types  of  diphasic  composites:  0-0, 1- 
0,  2-0, . . .,  3-2,  3-3,  as  illustrated  in  Figure  1 . 

A  0-0  composite,  for  example,  is  depicted  as 
two  alternating  hatched  and  unhatched  cubes, 
while  a  1-0  composite  has  Phase  1  connected 
along  the  z  direction.  A  1-3  composite  has  a 
structure  in  which  PZT  rods  (one-dimensionally 
connected)  are  arranged  in  a  three-dimension- 
ally  connected  polymer  matrix,  and  in  a  3-1 
composite,  a  honeycomb-shaped  PZT  contains 
the  one-dimensionally  connected  polymer 
phase.  A  2-2  composite  indicates  a  structure  in 
which  ceramic  and  polymer  sheets  are  stacked 
alternately,  and  a  3-3  composite  is  composed  of 
a  jungle-gym-like  PZT  frame  embedded  in  a 
three-dimensionally  connecting  polymer. 


5.24.3  COMPOSITE  EFFECTS 

There  are  three  types  of  composite  effects 
(Figure  2):  the  sum  effect ,  the  combination 
effect,  and  the  product  effect. 


5.24.3.1  Sum  Effects 

Let  us  discuss  a  composite  function  in  a 
diphasic  system  to  convert  an  input  X  to  an 


output  Y.  Assuming  Yx  and  Y2  are  the  outputs 
from  Phases  1  and  2,  respectively,  the  output 
T*of  a  composite  of  Phases  1  and  2  could  be  an 
intermediate  value  between  7,  and  Y2. 
Figure  2(a)  shows  the  Y*  variation  with  volume 
fraction  of  Phase  2  for  a  case  of  Yx  >  Y2.  The 
variation  may  exhibit  a  concave  or  a  convex 
shape,  but  the  averaged  value  in  a  composite 
does  not  exceed  Y\  nor  is  it  less  than  Y2.  This 
effect  is  called  a  sum  effect. 

An  example  is  a  fishing  rod,  i.e.,  a  light¬ 
weight/tough  material,  where  carbon  fibers 
are  mixed  in  a  polymer  matrix  (between  3-1 
and  3-0).  The  density  of  a  composite  should 
be  an  average  value  with  respect  to  volume 
fraction,  if  no  chemical  reaction  occurs  at  the 
interface  between  the  carbon  fibers  and  the 
polymer,  following  the  linear  trend  depicted  in 
Figure  2(a).  A  dramatic  enhancement  in  the 
mechanical  strength  of  the  rod  is  achieved  by 
adding  carbon  fibers  in  a  special  orientation, 
i.e.,  along  a  rod  (showing  a  convex  relation  as 
depicted  in  Figure  2(a)). 

Another  interesting  example  is  an  NTC-PTC 
(negative  temperature  coefficient-positive  tem¬ 
perature  coefficient  of  resistivity)  material 
(Uchino,  1986).  V203  powders  are  mixed  in 
epoxy  with  a  relatively  high  packing  rate  (3- 
3),  as  illustrated  in  Figure  3.  Since  V203  exhi¬ 
bits  a  semiconductor-metal  phase  transition  at 
160K,  a  drastic  resistivity  change  is  observed 
with  increasing  temperature.  A  further  increase 
in  temperature  results  in  a  larger  thermal 
expansion  for  epoxy  than  for  the  ceramic,  lead¬ 
ing  to  a  separation  of  each  particle  and  the 
structure  becomes  a  0-3  composite.  The  V203 
particle  separation  increases  the  resistivity  sig¬ 
nificantly  at  around  100  °C.  Thus,  the  conduc¬ 
tivity  of  this  composite  is  rather  high  only  over 
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(a)  Sum  Effect 

Phase  1:X— >Y|  "I 
Phase  2 :  X  — >  'fa  J 


(b)  Combination  Effect 


Phase  1  :X— >Yj/Zil 

Phase  2  :  X  — >  >£/Z2  J  X—  >(Y/Z)* 


y2/z2 


Phase  1  Phase  2 


(c)  Product  Effect 

Phase  1 :  X  — >  Y  1 

Phase  2 :  Y  — >  Z  i  X— >Z  New  Function 

Figure  2  Composite  effects:  sum,  combination,  and  product  effect. 


a  limited  temperature  range  (around  —100  to 
100  °C),  which  is  sometimes  called  the  conduc¬ 
tivity  window . 


5.24.3.2  Combination  Effects 

In  certain,  cases,  the  average  value  of  the 
output,  Y*9  of  a  composite  does  exceed  Yx  and 
Y2.  This  enhanced  output  refers  to  an  effect 
YjZ  which  depends  on  two  parameters  Y  and 
Z.  Suppose  that  Y  and  Z  follow  convex  and 
concave  type  sum  effects,  respectively,  as  illu¬ 
strated  in  Figure  2(b),  the  combination  value 
YjZ  will  exhibit  a  maximum  at  an  intermediate 
ratio  of  phases.  This  is  called  a  combination 
effect. 

Certain  piezoelectric  ceramic-polymer  com¬ 
posites  exhibit  a  combination  property  of  g  (the 
piezoelectric  voltage  constant)  which  is  provided 
by  djz  (d  =  piezoelectric  strain  constant  and 
e  =  permittivity).  The  details  of  these  materials 
will  be  described  in  the  next  section. 


5.24.3.3  Product  Effects 

When  Phase  1  exhibits  an  output  Y  with  an 
input  X,  and  Phase  2  exhibits  an  output  Z  with 


an  input  Y ,  we  can  expect  for  the  composite  an 
output  Z  with  an  input  X.  A  completely  new 
function  is  created  for  the  composite  structure, 
called  a  product  effect . 

Philips  developed  a  magnetoelectric  material 
based  on  this  concept  (Uchino,  1986).  This 
material  is  composed  of  magnetostrictive 
CoFe204  and  piezoelectric  BaTi03  mixed  and 
sintered  together.  Figure  4  shows  a  micrograph 
of  a  transverse  section  of  a  unidirectionally 
solidified  rod  of  the  materials  with  an  excess 
of  Ti02  (1.5wt.%).  Four  finned  spinel  den¬ 
drites  are  observed  in  cells  (xlOO).  Figure  5 
shows  the  magnetic  field  dependence  of  the 
magnetoelectric  effect  in  an  arbitrary  unit  mea¬ 
sured  at  room  temperature.  When  a  magnetic 
field  is  applied  to  this  composite,  cobalt  ferrite 
generates  magnetostriction,  which  is  trans¬ 
ferred  to  barium  titanate  as  stress,  finally  lead¬ 
ing  to  the  generation  of  a  charge/voltage  via  the 
piezoelectric  effect  in  BaTi03. 

Since  the  magnetoelectric  effect  in  a  single¬ 
phase  material  such  as  Cr203  can  be  observed 
only  at  a  very  low  temperature  (liquid  helium 
temperature),  observation  of  this  effect  at 
room  temperature  is  really  a  breakthrough. 
Inexpensive  sensors  for  monitoring  magnetic 
field  at  room  temperature  or  at  elevated  tem¬ 
perature  can  be  produced  from  these  composite 
materials. 


526 


Piezoelectro  Composites 


-100  0  100  200 
Temperature  (°C) 


Figure  3  NTC-PTC  effect  observed  in  a  V203- 
epoxy  composite  (after  Uchino,  1986). 


5.24.4  PZT-POLYMER  COMPOSITES 


5.24.4.1  Piezoelectric  Composite  Materials 

Polymer  piezoelectric  materials  such  as 
PVDF  (polyvinylidene  difluoride)  are  very  sui¬ 
table  for  sensor  applications.  However,  because 
of  its  small  piezoelectric  d  constants  and  very 
small  elastic  stiffness,  PVDF  cannot  be  used  by 
itself  in  fabricating  actuators  or  high-power 
transducers.  PZT-polymer  composites,  how¬ 
ever,  play  a  key  role  in  the  design  of  transdu¬ 
cers,  for  applications  such  as  sonar,  which  have 
both  actuator  and  sensor  functions  (Uchino 
et  al.,  1982). 

The  representative  data  for  several  composite 
piezoelectric  materials  are  listed  in  Table  1 
(Uchino  et  al.,  1982),  with  data  for  some  sin¬ 


Figure  5  Magnetic  field  dependence  of  the  magne¬ 
toelectric  effect  in  a  CoFe204-BaTi03  composite 
(arbitrary  unit  measured  at  room  temperature). 


gle-phase  piezoelectric  polymer  and  PZT  mate¬ 
rials.  The  piezoelectric  d  constant  of  PVDF, 
which  indicates  the  strain  per  unit  electric 
field  (actuator  applications!),  is  1/10  smaller 
than  that  of  PZT,  however,  because  of  its 
small  dielectric  constant,  the  piezoelectric  g 
constant  of  PVDF,  which  indicates  the  voltage 
per  unit  stress  (sensor  applications!),  is  10  times 
larger  than  that  of  PZT.  PZT-polymer  compo¬ 
sites  exhibit  a  wide  range  of  piezoelectric  re¬ 
sponse,  but  in  general  d  is  slightly  smaller  than 
PZT  and  g  is  slightly  smaller  than  PVDF.  Thus, 
particularly  for  underwater  transducers,  which 


Figure  4  Micrograph  of  a  transverse  section  of  a  unidirectionally  solidified  rod  of  mixture  of 
magnetostrictive  CoFe204  and  piezoelectric  BaTi03,  with  an  excess  of  Ti02  (1.5wt.%)  (after  Uchino,  1986). 
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Figure  6  A  1-3  composite  of  PZT  rods  and  polymer.  The  top  and  bottom  planes  are  rigid  electrodes. 


perform  both  actuation  and  sensing  and  have  a 
figure  of  merit  of  dh.gh9  the  composite  materials 
are  found  to  be  far  superior  to  single-phase 
materials  like  PZT  or  PVDF. 


5.24.4.2  Principle  of  PZT-Polymer 
Composites 

Here,  in  order  to  illustrate  the  principle,  let  us 
take  a  1-3  composite  which  is  composed  of  PZT 
fibers  embedded  in  a  polymer  matrix  as  shown 
in  Figure  6.  The  original  fabrication  process 
involves  the  injection  of  epoxy  resin  into  an 
array  of  PZT  fibers  assembled  with  a  special 
rack  (Klicker  et  al .,  1981).  After  the  epoxy  is 
cured,  the  sample  is  cut,  polished,  electroded  on 
the  top  and  bottom,  and  finally  electrically 
poled.  The  die  casting  technique  has  recently 
been  employed  to  make  rod  arrays  from  a  PZT 
slurry  (Materials  Systems  Inc.  Catalog,  1994). 

The  effective  piezoelectric  coefficients  ct  and 
g*  of  the  composite  can  be  interpreted  as  fol¬ 
lows:  when  an  electric  field  E3  is  applied  to  this 
composite,  the  piezoceramic  rods  extend  easily 
because  the  polymer  is  elastically  very  soft  (as¬ 
suming  that  the  electrode  plates  which  are 
bonded  to  its  top  and  bottom  are  rigid  enough). 
Thus,  dzi*  is  almost  the  same  as  ld^  of  the  PZT 
itself: 

d33*  =  ld33  (1) 

Similarly, 

d3y'=lVld3 1  (2) 


where  lV  is  the  volume  fraction  of  Phase  1 
(piezoelectric).  On  the  other  hand,  when  an 
external  stress  is  applied  to  the  composite,  the 
elastically  stiff  piezoceramic  rods  will  support 
most  of  the  load,  and  the  effective  stress  is 
drastically  enhanced  and  inversely  proportional 
to  the  volume  fraction.  Thus,  larger  induced 
electric  fields  and  larger  g*  constants  are  ex¬ 
pected: 

g33*  *  d$2* /EqIEi*  —  1dz3llVe 0^3 

-W'r  (3) 

Figure  7  shows  the  piezoelectric  coefficients 
for  a  PZT-Spurrs  epoxy  composite  with  1-3 
connectivity,  measured  with  a  Berlincourt  rf33 
meter.  As  predicted  by  the  model  for  this  com¬ 
posite,  the  measured  d33*  values  are  indepen¬ 
dent  of  volume  fraction,  but  are  only  about 
75%  of  the  d33  value  of  the  PZT  501A  ceramic. 
This  discrepancy  may  be  due  to  incomplete 
poling  of  the  rods.  A  linear  relation  between 
the  permittivity  and  the  volume  fraction  1 V  is 
almost  satisfied,  resulting  in  a  dramatic  increase 
in  g33*  with  decreasing  fraction  of  PZT.  The 
piezoelectric  coefficients  for  the  1-3  composite 
are  listed  in  Table  1,  together  with  those  of  a 
PZT-silicone  composite  with  3-3  connectivity. 
In  conclusion,  for  the  composites,  the  piezo¬ 
electric  g  coefficient  can  be  enhanced  by  two 
orders  of  magnitude  with  decreasing  volume 
fraction  of  PZT,  while  the  d  coefficient  remains 
constant. 

The  advantages  of  this  composite  are  high 
coupling  factors,  low  acoustic  impedance,  good 
matching  to  water  or  human  tissue,  mechanical 
flexibility,  broad  bandwidth  in  combination 
with  a  low  mechanical  quality  factor,  and  the 
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Figure  7  Volume  fraction  dependence  of  the  permittivity  s  and  the  piezoelectric  constants  d 33  and  g33  in  a 

1-3  PZT-polymer  composite. 


Table  1  Comparison  of  the  piezoelectric  response  of  PZT-polymer  composites  with  the  single-phase 

materials  PVDF  and  PZT. 


Connectivity  Material 

Density 

-  P 

(103kgm 

Elastic  Dielectric 
constant  constant 

.  c33  S3 

3)  (GPa)  (GPa)  (HP 

fa 

12  CN 

Piezoelectric  constants 

&33 

-,)(10-3m  VN_I)(10_ 

,**  . 
3m  VN_I) 

PZT(501A) 

7.9 

81 

2000 

400 

20 

3 

Single  phase 

3-1 

PZT-Epoxy 

3.0 

19 

400 

300 

75 

40 

3-3 

PZT-Silicone 

3.3 

3 

40 

110 

280 

80 

rubber 

(Replica  type) 

PZT-Silicone 

4.5 

19 

400 

250 

60 

rubber  (Ladder  type) 

3-0 

PZT-PVDF 

5.5 

2.6 

120 

90 

85 

PZT-Rubber 

6.2 

0.08 

73 

52 

140 

30 

PZT-Chloroprene 

40 

90 

rubber 

Extended  PVDF 

1.8 

3 

13 

20 

160 

80 

possibility  of  making  undiced  arrays  by  simply 
patterning  the  electrodes.  The  thickness-mode 
electromechanical  coupling  of  the  composite 
can  exceed  the  kt  (0.40-0.50)  of  the  constituent 
ceramic,  approaching  almost  the  value  of  the 
rod-mode  electromechanical  coupling,  fc33 
(0.70-0.80),  of  that  ceramic  (Smith,  1989). 
The  acoustic  match  to  tissue  or  water  (1.5 
Mrayls)  of  the  typical  piezoceramics  (20-30 
Mrayls)  is  significantly  improved  when  they 
are  incorporated  in  forming  a  composite  struc¬ 
ture,  that  is,  by  replacing  the  dense,  stiff  cera¬ 
mic  with  a  low  density,  soft  polymer. 


Piezoelectric  composite  materials  are  especially 
useful  for  underwater  sonar  and  medical  diag¬ 
nostic  ultrasonic  transducer  applications. 

Although  the  PZT  composites  are  very  useful 
for  acoustic  transducer  applications,  care  must 
be  taken  when  using  them  in  actuator  applica¬ 
tions.  Under  an  applied  d.c.  field,  the  field- 
induced  strain  exhibits  large  hysteresis  and 
creep  due  to  the  viscoelastic  property  of  the 
polymer  matrix.  More  serious  problems  are 
found  when  they  are  driven  under  a  high  a.c. 
field,  related  to  the  generation  of  heat.  The  heat 
generated  by  ferroelectric  hysteresis  in  the 
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Figure  8  Relative  permittivity  plotted  as  a  func¬ 
tion  of  volume  fraction  of  PZT  in  PZT  powder- 
polyurethane  rubber  composites.  Comparisons  were 
made  for  the  cube  model,  sphere  model,  parallel 
and  series  models. 


(l-a)l  a 


Figure  9  Unit  cell  configuration  for  a  0-3  compo¬ 
site  according  to  Banno’s  modified  cubes  model. 


piezoceramic  cannot  be  dissipated  easily  due  to 
the  very  low  thermal  conductivity  of  the  poly¬ 
mer  matrix,  which  results  in  rapid  degradation 
of  piezoelectricity. 


5.24.4.3  Theoretical  Models  for  0-3 
Composites 

Various  models  have  been  proposed  to  pre¬ 
dict  the  electromechanical  properties  of  a  com¬ 
posite  material.  Pauer  (1973)  developed  a  0-3 
composite  material  comprised  of  PZT  powder 
and  polyurethane  rubber,  and  predicted  its  per¬ 
mittivity  values  by  means  of  a  cubes  model. 
Figure  8  shows  the  relative  permittivity  plotted 
as  a  function  of  volume  fraction  of  PZT  pow¬ 
der,  in  comparison  with  theoretical  values  cal¬ 
culated  on  the  basis  of  the  cubes  model  (cubic 
PZT  particles),  the  sphere  model  (spherical 
PZT  particles),  and  the  parallel  and  series  mod¬ 
els.  None  of  the  models  provided  a  close  fit  to 
the  experimental  data. 

Banno  (1985)  proposed  a  “modified  cubes 
model,”  which  took  into  account  the  anisotro¬ 
pic  distribution  of  cubes  in  .x,  y,  and  z  direc¬ 
tions.  The  unit  cell  of  this  model  is  shown  in 


Figure  9.  The  following  formulas  can  be 
derived  for  a  uniaxially  anisotropic  case  (i.e., 

1  =  m  =  1,  n  ^  1): 

633*  =  [a\a  +  (1  -  a)rt)2Je33‘2S33]/[^ '2633 

+  (l-aK^ssl  +  [1  ~  +  (1— a)«)  2e33]  (4) 

*3*  =  [a\a  +  (1  -a)n))/[a 

+  (\-a)n(XE33/h33)]/[(l-a)n/(a  +  (l-a)«)  +  u3](  5) 

d3l*  -  %i[a2(a  +  (1  -a)n)\/[a 

^(l-a)n(%3/%3)]a![\-a(a  +  (1  -a)nf2  +  a3](6) 

The  volume  fraction  of  Phase  1  is  given  by 

lV=d*/(a  +  (l-a)n)  (7) 

The  case  n  =  1  corresponds  to  the  cubes  model, 
and  a  general  case  0<n<l  corresponds  to 
a  configuration  more  dense  along  the  z  direc¬ 
tion.  Figure  10  shows  the  experimentally  deter¬ 
mined  permittivity  and  piezoelectric  dh* 
(~  d33  4-  2d3 !*)  coefficient  for  PbTi03-chloro- 
prene  rubber  composites,  with  the  theoretical 
curves  (Banno  and  Tsunooka,  1987).  When  the 
volume  fraction  of  PbTi03(l  V)  is  small,  n  seems 
to  be  less  than  1  (that  is,  the  rubber  thickness 
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Figure  10  Experimental  values  of  the  permittivity  (a)  and  the  piezoelectric  4h*(  =  d33*  +  2 d3)*)  coefficient 
(b)  for  PbTi03-chloroprene  rubber  0-3  composites,  shown  with  theoretical  curves  based  on  the  modified 

cubes  model. 

around  a  PbTi03  ceramic  cube  is  thinner  along  made  of  wax.  Then  a  positive  replica  of  the 

the  z  direction  and  thicker  along  the  x  and  y  negative  structure  was  prepared  by  introducing 

directions)  and  by  increasing  the  volume  frac-  a  PZT  slurry  into  the  porous  network  of  the 

tion,  n  approaches  1  (that  is,  the  rubber  thick-  negative  template,  drying,  burning  out  the  wax, 

ness  becomes  equal  in  all  three  dimensions).  and  finally  sintering  the  PZT  ceramic  (Skinner 

This  configuration  change  may  be  caused  by  et  al.,  1978).  In  order  to  make  highly  porous 

the  method  of  fabrication,  which  typically  PZT  skeletons,  the  BURPS  (BURned-out  Plas- 

involves  rolling  and  calendering.  tic  Spheres)  method  was  proposed  (Shrout  et  al., 

1979),  where  PZT  powders  and  plastic  spheres 
are  mixed  in  a  binder  solution,  and  the  mixture 
is  sintered.  Miyashita  et  al.  (1980)  reported  an 
5.24.4.4  Advanced  PZT— Polymer  Composites  alternative  method  that  involves  piling  up  thin 

PZT  rods  in  a  three-dimensionally  connected 
3-3  Composites  were  first  fabricated  by  the  array, 
replamine  method.  A  negative  replica  of  a  nat-  3-1  and  3-2  composites  can  be  fabricated  by 
ural  coral  structure  with  3-3  connectivity  was  drilling  holes  in  a  PZT  block  and  back-filling 
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Figure  11  3-1  composites  with  (a)  parallel  and  (b) 

series  electrode  configurations. 


ill 


Piezoelectricity  Conductivity  Mechanical 

flexibility 

Figure  12  Piezoceramic-polymer-carbon  black 
composite  for  vibration  damping. 


with  epoxy.  In  addition  to  this  drilling  method, 
an  extrusion  method  has  also  been  used  to 
fabricate  a  PZT  honeycomb.  The  3-1  and  3-2 
composites  show  large  dh  and  gh  values  (Safari 
et  al .,  1982).  As  shown  in  Figure  11,  there  are 
two  types  of  electrode  configurations  com¬ 
monly  applied  to  these  composites:  parallel  [P] 
and  series  [S].  In  general,  S  types  exhibit  larger 
d\ 1  and  gh  values  than  P  types. 


5.24.5  PZT  COMPOSITE  DAMPERS 

Another  intriguing  application  of  PZT  com¬ 
posites  is  a  passive  mechanical  damper.  Con¬ 
sider  a  piezoelectric  material  attached  to  an 
object  whose  vibration  is  to  be  damped.  When 
vibration  is  transmitted  to  the  piezoelectric  ma¬ 
terial,  the  vibrational  energy  is  converted  into 
electrical  energy  by  the  piezoelectric  effect,  and 
an  a.c.  voltage  is  generated.  If  the  piezoelectric 
material  is  in  an  open-  or  short-circuit  condi¬ 
tion,  the  generated  electrical  energy  changes 
back  into  vibrational  energy  without  loss.  The 
repetition  of  this  process  provides  continuous 
vibration.  If  a  proper  resistor  is  connected, 
however,  the  energy  converted  into  electricity 
is  consumed  in  joule  heating  of  the  resistor,  and 


the  amount  of  energy  converted  back  into  me¬ 
chanical  energy  is  reduced,  so  that  the  vibration 
can  be  rapidly  damped.  Taking  the  series  resis¬ 
tance  as  R,  the  capacitance  of  the  piezoelectric 
material  as  C,  the  vibration  frequency  as  /, 
damping  takes  place  most  rapidly  when  the 
series  resistor  is  selected  in  such  a  manner  that 
the  impedance  matching  condition,  R  —  1/2 nfC, 
is  satisfied  (Uchino  and  Ishii,  1988).  Using  this 
technique,  in  collaboration  with  ACX  Com¬ 
pany,  K2  developed  ski  blades  with  PZT 
patches  to  suppress  unnecessary  vibration  dur¬ 
ing  sliding  (ACX  Company  Catalog). 

The  electric  energy  C/E  generated  can  be  ex¬ 
pressed  by  using  the  electromechanical  cou¬ 
pling  factor  k  and  the  mechanical  energy  UM: 

UE=UMxlcz  (8) 

The  piezoelectric  damper  transforms  electrical 
energy  into  heat  energy  when  a  resistor  is  con¬ 
nected,  and  the  transforming  efficiency  of  the 
damper  can  be  raised  to  a  level  of  up  to  50%. 
Accordingly,  the  vibration  energy  is  decreased 
at  a  rate  of  (1  —k?! 2)  times  for  a  vibration  cycle, 
since  k2/2  multiplied  by  the  amount  of  mechan¬ 
ical  vibration  energy  is  dissipated  as  heat  en¬ 
ergy.  As  the  square  of  the  amplitude  is 
equivalent  to  the  amount  of  vibrational  energy, 
the  amplitude  decreases  at  a  rate  of  (1  — /r/2)r2 
times  with  every  vibration  cycle.  If  the  reso¬ 
nance  period  is  taken  to  be  T0,  the  number  of 
vibrations  for  t  seconds  is  2t/To.  Consequently, 
the  amplitude  in  t  seconds  is  (1— /r/2)//70. 
Thus,  the  damping  in  the  amplitude  of  vibra¬ 
tion  in  t  seconds  can  be  expressed  as  follows: 

(1  ~^2/2y/7’°  =  exp(~//T)  (9) 

or 

t-  —  Tq  ln(l  —  k2/2)  (10) 

In  conclusion,  the  higher  the  k  value,  the 
quicker  the  vibration  suppression. 

Being  brittle  and  hard,  ceramics  are  difficult 
to  assemble  directly  into  a  mechanical  system. 
Hence,  flexible  composites  can  be  useful  in 
practice.  When  a  composite  of  polymer,  piezo¬ 
ceramic  powder,  and  carbon  black  is  fabricated 
(Figure  12),  the  electrical  conductivity  of  the 
composite  is  greatly  changed  by  the  addition  of 
small  amounts  of  carbon  black  (Suzuki  et  al , 
1991).  Figure  13  illustrates  the  fabrication  pro¬ 
cess.  By  properly  selecting  the  electrical  con¬ 
ductivity  of  the  composite,  the  ceramic  powder 
effectively  forms  a  series  circuit  with  the  carbon 
black,  so  that  the  vibrational  energy  is  dissi¬ 
pated.  The  conductivity  changes  by  more  than 
10  orders  of  magnitude  around  a  certain  carbon 
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Figure  13  Fabrication  process  of  carbon  black 
containing  PLZT-PVDF  composies. 


fraction  called  the  percolation  threshold,  where 
the  carbon  powder  links  start  to  be  generated. 
This  eliminates  the  use  of  external  resistors. 

Figure  14  shows  the  relation  between  the 
damping  time  constant  and  the  volume  percen¬ 
tage  of  carbon  black  in  the  PLZT-PVDF  and 
PZT-PVDF  composites.  A  volume  percentage 
of  about  7%  carbon  black  exhibited  the  mini¬ 
mum  damping  time  constant  and  therefore  the 
most  rapid  vibrational  damping.  Note  that  the 
PLZT  (lanthanum-doped  PZT)  with  a  higher 
electromechanical  coupling  k  shows  a  larger  dip 
(more  effective)  in  the  damping  time  constant 
curve. 
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5.22.1  INTRODUCTION 

Piezoelectric  composite  sensors  consist  of  an 
electrically  active  piezoelectric  phase  combined 
with  an  electrically  inert  second  phase.  Typi¬ 
cally,  this  second  phase  is  a  polymer,  although 
in  some  cases  it  is  a  metal.  This  chapter  will 
discuss  the  rationale  behind  this  approach  to 
sensor  design.  It  will  begin  with  a  brief  review  of 
piezoelectricity,  followed  by  the  important 
commercial  piezoelectric  sensor  materials  and 
their  relevant  properties,  and  subsequently  the 
need  for  incorporating  them  into  composite 
form.  The  chapter  will  conclude  by  discussing 
the  principle  two-phase  composite  sensor  con¬ 
figurations  and  their  properties,  the  main  com¬ 
mercial  manufacturing  techniques,  and  some 
practical  applications. 
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5.22.2  PIEZOELECTRICITY 

Piezoelectric  materials  develop  an  electrical 
charge  on  their  electroded  faces  when  subjected 
to  stress.  They  also  exhibit  a  shape  change  that 
is  linearly  proportional  to  an  applied  electric 
field.  The  latter,  known  as  the  converse  piezo¬ 
electric  effect,  is  used  in  actuation  and  acoustic 
source  generation.  The  former,  called  the  direct 
piezoelectric  effect,  is  utilized  in  sensing 
changes  in  force,  displacement,  or  velocity. 

Physically,  piezoelectricity  describes  the  cou¬ 
pling  between  the  elastic  variables  (stress  and 
strain)  of  a  material  and  its  electrical  parameters 
(electric  field  and  dielectric  displacement). 
There  are  four  piezoelectric  coefficients  that 
are  designated  as  d>  e ,  g,  and  h  by  convention. 
These  coefficients  are  not  independent  but 
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rather  are  inter-related  through  the  material 
dielectric  and  elastic  constants.  The  charge  coef¬ 
ficient,  d,  relates  (i)  the  applied  electric  field  to 
induced  strain  and  (ii)  stress  to  dielectric  dis¬ 
placement.  The  stress  coefficient,  e,  relates  (i) 
applied  electric  field  to  stress  and  (ii)  strain  to 
dielectric  displacement.  The  voltage  coefficient, 
g,  relates  (i)  the  applied  stress  to  generated 
electric  field  and  (ii)  the  dielectric  displacement 
to  strain.  The  strain  coefficient,  h,  relates  (i) 
strain  to  electric  field  and  (ii)  dielectric  displace¬ 
ment  to  stress.  The  constitutive  equations  and 
the  relationships  between  the  piezoelectric  con¬ 
stants  can  be  found  in  any  quality  text  which 
covers  piezoelectricity  such  as  Moulson  and 
Herbert  (1992),  Rosen  et  al.  (1992),  Ikeda 
(1990),  Jaffe  et  al.  (1971),  and  Berlincourt  et  al 
in  Mason’s  series  on  Physical  Acoustics  (1964). 

The  constitutive  equations  show  that  piezo¬ 
electric  materials  exhibit  a  linear  relationship 
between  their  elastic  and  electrical  variables. 
This  is  only  true,  however,  at  low  levels  of  stress 
and  small  electric  fields.  The  effects  of  high 
mechanical  stress  on  nonlinearity  depend  pri¬ 
marily  on  the  orientation  and  frequency  of  the 
applied  stress  with  respect  to  the  polar  axis,  as 
well  as  the  electrical  load  conditions  (Berlin¬ 
court  et  al.,  1964). 


5.22.3  PIEZOELECTRIC  MATERIALS 

Piezoelectricity  only  occurs  in  materials 
whose  crystal  structure  is  noncentric.  As  such, 
it  is  exhibited  in  certain  classes  of  crystals,  cera¬ 
mics,  and  polymers.  In  sensor  applications 
where  a  variable  has  to  be  monitored  over  a 
long  period  of  time,  piezoelectric  crystals  are 
typically  preferred  over  their  piezoelectric  cera¬ 
mic  counterparts  (Maines,  1989).  This  is  because 
crystals  have  much  more  stable  piezoelectric 
properties  compared  to  poled  ceramics.  Even 
though  some  piezoelectric  crystals  used  in  sensor 
applications  occur  abundantly  in  nature,  they 
are  more  commonly  grown  synthetically.  To  be 
of  practical  use,  however,  they  must  be  oriented 
and  cut  along  specific  crystallographic  direc¬ 
tions  to  obtain  the  best  piezoelectric  response. 
A  number  of  important  piezoelectric  crystals 
and  their  properties  are  described  in  Ikeda 
(1990)  and  by  Bhalla  et  al.  (1993)  in  the  Landolt- 
Bomstein  tables.  The  most  common  ones  used 
in  sensor  applications  will  be  discussed  here 
briefly.  v 

Piezoelectric  crystals  are  used  most  often  in 
accelerometers  and  specialty  hydrophones 
(underwater  microphones).  Quartz  is  the  pre¬ 
dominant  material  used  for  accelerometers 
(Maines,  1989).  Lithium  sulfate  (because  of  its 


large  gh  coefficient)  and  tourmaline  are  two 
piezoelectric  crystals  still  used  in  commercial 
hydrophones.  Tourmaline,  along  with  Rochelle 
salt,  are  used  in  hydrophones  designed  for 
shock  and  blast  measurements  (Wilson,  1988). 
Lithium  niobate  and  lithium  tantalate  are  used 
as  high-temperature  acoustic  sensors  because" 
they  both  maintain  high  sensitivity  up  to 
400  °C  (Turner  et  al.,  1994). 

The  piezoelectric  materials  found  in  many 
force  and  displacement  sensors,  however,  are 
poled  polycrystalline  ferroelectric  ceramics. 
Ceramic  materials  in  general  are  characterized 
as  having  high  mechanical  strength  and  repro¬ 
ducible  properties,  possess  a  high  resistance  to 
severe  ambient  conditions  such  as  temperature 
pressure,  and  humidity,  and  perhaps  most  im¬ 
portantly  can  usually  be  made  into  complex 
shapes  and  large  area  pieces  with  little  diffi¬ 
culty. 

Bulk  polycrystalline  ceramics  are  typically 
synthesized  via  a  high-temperature  solid-state 
reaction  of  mixed  oxides.  In  ferroelectric  cera¬ 
mics,  like-polarized  regions  within  each  ceramic 
grain  are  formed  as  the  ceramic  cools  through  a 
specific  temperature.  This  temperature,  known 
as  the  Curie  temperature,  depends  primarily  on 
the  chemical  composition  of  the  ceramic.  On  a 
macroscopic  scale,  these  like-polarized  regions 
(domains)  are  randomly  oriented  throughout 
the  ceramic,  resulting  in  no  preferred  polariza¬ 
tion  direction.  The  ferroelectric  is  therefore 
nonpiezoelectric. 

Piezoelectricity  is  induced,  however,  by  a 
process  known  as  poling.  During  poling,  a 
large  static  electric  field  is  applied  to  the  cera¬ 
mic  in  a  certain  direction  to  switch  the  polar¬ 
ization  axes  of  the  domains  to  those  directions 
(allowed  by  symmetry)  which  are  nearest  to 
that  of  the  applied  field  (Gallego-Juarez, 
1989).  When  the  electric  field  is  removed, 
some  of  the  more  highly  strained  domains  re¬ 
vert  to  their  original  positions  (depolarization), 
but  a  large  majority  remain  aligned  (remnant 
polarization). 

When  poled,  polycrystalline  ferroelectrics  are 
often  referred  to  as  piezoelectric  ceramics,  or 
simply  piezoceramics  (Berlincourt  et  al,  1964). 
The  piezoceramic  will  remain  in  a  poled  state 
until  it  is  either  subjected  to  a  mechanical  stress 
or  electric  field  (the  coercive  field)  sufficiently 
large  to  reorient  the  domains  or  until  it  is 
heated  above  its  Curie  temperature,  at  which 
time  its  crystal  structure  will  again  become 
centric  and  piezoelectricity  will  be  lost.  Depo¬ 
larization  over  a  long  period  of  time  (i.e., 
months  to  years)  due  to  internal  stress  relaxa¬ 
tion  is  known  as  aging. 

The  lead  zirconate  titanate  family  of  compo¬ 
sitions,  which  are  better  known  as  PZTs  (a 
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Table  1  Room  temperature  piezoelectric  properties  of  common  piezoceramic  materials. 


Military  specification 

Commercial  specification 

Tc 

J33 

dn 

^15 

*33 

M* 

Type  I 

PZT4 

328 

289 

-123 

496 

1300 

-229 

Type  II 

PZT-5A 

365 

374 

-171 

584 

1700 

-234 

Type  III 

PZT-8 

300 

218 

-93 

330 

1000 

-229 

Type  V 

PZT-5J 

250 

500 

-220 

670 

2600 

-232 

Type  VI 

PZT-5H 

193 

593 

-274 

741 

3400 

-236 

(Pb,Ca)Ti03 

255 

68 

-3 

71 

209 

-209 

Source:  Gallego- Juarez,  1989;  Jaffe  and  Berlincourt,  1965;  Morgan  Matroc;  Vernitron  Piezoelectric  Division. 


registered  trademark  of  Clevite  Corporation 
(Jaffe  and  Berlincourt,  1965)),  are  the  piezo¬ 
electric  ceramics  of  choice  for  many  sensor 
applications.  This  is  because  of  their  easily 
tailorable,  high  piezoelectric  properties  as  well 
as  their  high  electromechanical  coupling  and 
relative  ease  of  fabrication.  In  general,  lead 
zirconate  titanate  compositions  are  modified 
by  the  addition  of  very  small  amounts  (typically 
less  than  2mol.%)  of  either  donor  or  acceptor 
dopants.  The  addition  of  dopants  has  a  pro¬ 
found  impact  on  both  the  physical  and  electri¬ 
cal  properties  of  PZT.  Donor  dopants  cause 
cation  (metal)  vacancies  in  the  crystal  structure 
which  enhance  domain  reorientation  and  hence 
the  extrinsic  contribution  to  piezoelectric  prop¬ 
erties.  These  piezoelectrically  “soft”  PZTs  are 
characterized  by  large  piezoelectric  coefficients, 
large  dielectric  constants,  high  dielectric  losses, 
large  electromechanical  coupling  factors,  very 
high  electrical  resistance,  low  mechanical  qual¬ 
ity  factors,  a  low  coercive  field  and  poor  linear¬ 
ity  (Jaffe  and  Berlincourt,  1965;  Berlincourt, 
1981). 

Acceptor  dopants  cause  anion  (oxygen)  va¬ 
cancies  in  the  crystal  structure.  This  leads  to 
piezoelectrically  “hard”  PZTs.  Compared  to 
soft  PZTs,  hard  PZTs  have  lower  piezoelectric 
coefficients,  lower  permittivity,  lower  dielectric 
losses,  lower  electrical  resistivity,  a  higher  me¬ 
chanical  quality  factor,  higher  coercive  field, 
are  more  difficult  to  pole  and  depole,  and 
have  better  linearity  (Ikeda,  1990;  Berlincourt, 
1981).  Commercial  PZT  manufacturers  have 
developed  a  general  nomenclature  based  on 
US  Military  Standard  specifications  (1995)  to 
differentiate  the  different  PZT  types,  the  physi¬ 
cal  and  piezoelectric  properties  of  which  are 
listed  in  Table  1.  Piezoelectric  properties  can 
show  statistical  and  systematic  fluctuations  (up 
to  20%)  from  batch  to  batch  or  even  within  a 
batch  due  to  slight  chemical  differences,  varia¬ 
tions  in  density,  inhomogeneous  chemical  com¬ 
positions,  variations  in  grain  size,  and  varying 
response  to  the  poling  treatment,  etc.  (Berlin¬ 
court  et  al.,  1964). 


Other  poled  piezoceramic  materials  are  used 
for  specialty  sensor  applications.  For  instance, 
lead  titanate  is  sometimes  used  as  a  hydrophone 
material  or  as  a  transceiver  for  use  in  medical 
diagnosis  when  it  is  doped  with  either  calcium 
or  strontium  (Ikeda,  1990;  Gallego-Juarez, 
1989).  This  is  due  to  its  strong  piezoelectric 
anisotropy.  When  doped  with  other  elements, 
lead  titanate  is  used  as  a  knock  sensor  in  auto¬ 
mobiles.  Its  higher  operating  temperature  range 
allows  it  to  be  mounted  closer  to  the  combus¬ 
tion  chamber,  giving  it  a  faster  response  time 
than  PZT  (Turner  et  al.,  1994).  Because  of  the 
difficulty  in  making  and  poling  lead  titanate,  it 
is  not  used  in  more  applications.  Bismuth  tita¬ 
nate,  when  doped  with  sodium,  can  be  used  for 
accelerometers  at  temperatures  up  to  400  °C 
(Turner  etal.,  1994).  Lead  metaniobate,  a  mem¬ 
ber  of  the  tungsten  bronze  family,  is  often  used 
in  nondestructive  testing,  medical  diagnostic 
imaging,  and  for  deep  submergence  hydro¬ 
phones  (Wilson,  1988).  However,  problems 
such  as  a  high  level  of  porosity  and  relatively 
low  mechanical  strength  are  often  encountered 
in  its  use.  Antimony  sulfur  iodide  has  a  very 
high  gh  coefficient,  especially  when  it  is  mod¬ 
ified  with  4-8%  oxygen,  making  it  attractive  for 
some  hydrophone  applications.  It  can  only  be 
used  at  temperatures  below  34  °C  though  (Wil¬ 
son,  1988). 


5.22.4  SENSOR  CHARACTERIZATION 

For  a  poled  ferroelectric  ceramic,  there  are 
five  nonzero  piezoelectric  coefficients.  They  are 
C3 1,  C32,  c33,  C24,  and  C15,  where  C  can  repre¬ 
sent  either  d,  e,  g,  or  h.  Because  of  crystal 
symmetry,  C3i  =  C32  and  C24  =  C15.  In  the 
case  of  the  gy  coefficient,  the  first  digit  in  the 
subscript,  /,  refers  to  the  direction  in  which  the 
voltage  is  measured  and  the  second  digit,  j, 
refers  to  the  direction  of  the  applied  stress. 
For  a  piezoceramic  poled  in  the  3-  (or  thick¬ 
ness)  direction,  a  voltage  (F3)  will  be  generated 
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across  the  electrodes  which  is  proportional  to 
the  voltage  coefficient  (#33),  thickness  of  the 
element  (t),  and  magnitude  of  the  applied  stress 
(a3)  as: 

V-i  =  £33  •  ta3  (1) 

The  receiving  sensitivity  ( M)  of  a  piezoelec¬ 
tric  is  equal  to  the  open  circuit  voltage  (Vt)  that 
it  generates  due  to  an  applied  stress  (cry),  or 

M  =  Vj/oj  =  gjj- 1  (2a) 

Often,  the  sensitivity  is  reported  in  terms  of 
decibels  (dB)  referenced  to  1  volt  per  10  ~6 
Pascal  (pPa)  of  pressure  as 

M(dB)  =  20  •  log  (~rj  (0  dB  re  :  1  V/gPa) 

(2b) 

The  sensitivity  needs  to  be  sufficiently  high  so 
that  the  generated  signal  can  be  detected  above 
the  background  noise.  In  practice,  the  gener¬ 
ated  signal  is  small  and  has  to  be  enhanced  by 
an  appropriate  charge  or  voltage  amplifier.  The 
sensitivity  is  maximized  when  the  g  coefficient  is 
maximized.  The  g  coefficient  is  related  to  the  d 
coefficient  through  the  material’s  dielectric  con¬ 
stant,  Ky,  as: 

g  =  d/Kjj eo  (3) 

where  60  is  the  permittivity  of  free  space. 
Typically  a  large  capacitance,  which  is  directly 
proportional  to  dielectric  constant,  is  also  de¬ 
sirable  for  sensors  in  order  to  overcome  the 
electrical  losses  associated  with  the  cables.  Un¬ 
fortunately,  an  increase  in  dielectric  constant 
results  in  a  lower  voltage  coefficient,  as  seen  in 
the  aforementioned  equation.  A  flat  sensitivity 
response  over  the  frequency  band  of  interest  is 
another  desirable  characteristic  for  a  sensor. 

For  in-air  applications,  either  the  g33  (long¬ 
itudinal  mode)  or  the  gi5  (shear  mode)  coeffi¬ 
cient  of  the  piezoceramic  is  typically  utilized. 
When  operating  in  the  hydrostatic  mode  (i.e., 
when  the  incident  stress  is  equal  on  all  sides), 
the  tensor  coefficients  are  represented  as 
dh  =  d33  +  2d3 1  and  gh  =  g33  +  2g3i.  Unfortu¬ 
nately,  for  poled  piezoceramics  (namely  PZT), 
the  d33  coefficient  is  approximately  twice  the 
magnitude  and  opposite  in  sign  to  the  d3X  coef¬ 
ficient  (see  Table  1).  Since  Ky  for  most  ferro¬ 
electric  ceramics  is  very  large  (>  1000),  the  gh 
coefficient  is  also  small  (Equation  (3)).  As  a 
consequence,  the  voltage  generated  by  an  in¬ 
coming  pressure  wave  is  very  low.  In  order  to 
improve  the  sensitivity  of  the  piezoceramic,  it 
must  be  configured  in  such  a  way  that  the  effect 


of  the  hydrostatic  pressure  is  minimized.  This 
usually  takes  the  form  of  air  backing  one  side  of 
the  ceramic  element,  encapsulating  part  of  the 
ceramic  in  a  soft  polymer  to  absorb  a  portion  of 
the  hydrostatic  stress,  or  incorporating  air 
spaces  into  the  sensor  itself.  &  u 

'  A  figure-of-merit,  the  dh  ■  gh  product,  is  often 
reported  as  a  measure  of  the  quality  of  the 
sensing  capability  of  the  piezoelectric  element 
or  to  compare  different  hydrophone  materials 
(Bhalla  and  Ting,  1988).  Quantitatively,  it  is 
used  to  ascertain  the  type  of  amplifier  required 
in  the  electronic  circuitry  to  overcome  the  self¬ 
noise  of  the  system.  In  the  case  of  piezocompo¬ 
sites,  the  dh-gh  product  should  be  normalized 
by  the  volume  of  the  device  in  order  to  maye 
accurate  comparisons  between  the  different 
configurations  (Gabrielson,  1997). 


5.22.5  COMPOSITES 

The  basic  idea  behind  a  composite  structure 
is  to  maximize  the  desirable  traits  of  each  com¬ 
ponent  in  the  composite  while  minimizing  the 
effects  of  the  less  desirable  features.  In  a  two- 
phase  composite,  each  individual  phase  can  be 
connected  to  itself  throughout  the  volume  of 
the  composite  in  either  0,  1,  2,  or  3  directions. 
The  connectivity  of  the  individual  phases  is  of 
utmost  importance  because  it  controls  the  elec¬ 
tric  flux  pattern  as  well  as  the  mechanical  prop¬ 
erties  of  the  composite.  Both,  in  turn,  can  be 
changed  by  orders  of  magnitude  depending  on 
how  the  individual  phases  are  connected  (Pil¬ 
grim  et  al.,  1987). 

The  notation  used  to  denote  the  different 
connectivity  patterns  is  known  as  the  Newnham 
connectivity  (or  classification)  system  (Pilgrim 
et  al.,  1987;  Newnham  et  al.,  1978).  The  con¬ 
vention  is  for  the  connectivity  of  the  active 
phase  to  appear  first,  followed  by  the  connec¬ 
tivity  of  the  passive  phase  (Pilgrim  et  al.,  1987). 
There  are  16  possible  two-phase  piezocompo¬ 
site  structures.  The  configurations  for  which 
sensitivity  measurements  have  been  reported 
are  shown  schematically  in  Figure  1. 


5.22.5.1  Piezoelectric— Polymer  Composites 

The  two  most  common  composite  types  used 
for  sensor  applications  are  those  with  0-3  and 
1-3  connectivity.  The  remainder  of  this  chapter 
will  focus  on  describing  in  more  detail  the 
manufacturing  techniques,  properties,  and 
some  practical  applications  for  these  two 
types  of  piezocomposite.  Other  configurations 
for  which  sensitivity  results  have  been  reported 
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particles  in  a  polymer 
(0-3) 


A 


perforated  composite 
(3-1) 


PZT  rods  in  a  polymer  voided  composite 

(1-3)  (3-3) 


Figure  1  Diagram  of  the  various  composite  connectivity  schemes  described  in  this  chapter.  The  poling 

direction  is  noted  by  the  arrows. 


will  also  be  briefly  discussed  for  the  sake  of 
completeness. 

Piezocomposites  with  0-3  connectivity  consist 
of  tiny  nontouching  piezoelectric  particulates 
randomly  dispersed  within  a  chloroprene  rub¬ 
ber  host  matrix.  These  composites  are  charac¬ 
terized  by  their  mechanical  robustness, 
flexibility,  and  by  their  good  acoustical  impe¬ 
dance  match  to  air  and  especially  water.  Cur¬ 
rently,  the  primary  commercial  manufacturer  of 
0-3  type  piezocomposites  is  the  NTK  Technical 
Ceramics  Division  of  the  NGK  Spark  Plugs 
Corporation  in  Japan.  NTK  markets  their  pro¬ 
ducts  under  the  tradename  Piezo  Rubber 
(usually  abbreviated  as  PR  or  PZR).  Although 
the  PZT  family  predominates  as  the  active 
phase  in  most  other  piezocomposite  designs, 
lead  titanates  (PTs)  are  preferred  in  the  0-3s 
(Newnham  et  al.,  1984;  Banno,  1983).  The  rea¬ 
son  for  this  is  the  large  piezoelectric  anisotropy 
inherent  in  lead  titanate  and  modified  lead  tita¬ 
nates,  which  ultimately  results  in  a  higher  piezo¬ 
electric  activity  in  the  poled  composite. 

Piezo  Rubbers  are  fabricated  by  rolling  a  well- 
dispersed  ceramic-rubber  mixture  into  thin 
(«5mm)  large  surface  area  sheets  using  a  hot 
roller,  followed  by  an  additional  heat  and  pres¬ 
sure  treatment  (Banno,  1990).  Finally,  both  the 
upper  and  lower  surfaces  are  electroded  using 
an  elastomer-based  silver  coating.  Because  the 
individual  ceramic  particulates  in  the  composite 
are  all  surrounded  by  a  low  permittivity  dielec¬ 
tric  polymer,  poling  requires  a  very  large  static 
electric  field.  Fields  of  the  order  of  100  kV  cm- 1 
applied  for  1  h  are  not  unreasonable.  Adequate 


poling  can  be  accomplished  at  much  lower  fields 
(35-40  kV  cm-  *)  and  for  shorter  poling  times  (a 
few  minutes)  if  a  small  amount  (about  1 .5%)  of 
carbon  is  added  to  the  polymer  matrix  during 
the  mixing  stage  (Newnham  et  al.,  1984).  Un¬ 
fortunately,  the  addition  of  carbon  contributes 
to  an  increase  in  the  dielectric  dissipation  loss 
(and  subsequently  Johnson  noise)  in  the  com¬ 
posite.  As  a  consequence,  the  sensor  signal-to- 
noise  ratio  is  reduced.  An  alternative  approach 
to  reduce  the  poling  field  without  introducing 
an  electrically  conducting  material  into  the  sys¬ 
tem  is  to  deliberately  select  a  polymer  host 
matrix  with  a  relatively  high  temperature  coef¬ 
ficient  of  resistivity.  By  poling  the  composite  at 
an  elevated  temperature,  it  becomes  possible  to 
use  the  improved  ceramic/polymer  resistivity 
balance  to  give  saturation  poling,  while  at  the 
same  time  retaining  the  low  resistivity  and  low 
loss  at  the  temperatures  of  operation  (Twiney, 
1992). 

In  addition  to  sheet  form,  NTK  also  manu¬ 
factures  0-3s  in  the  form  of  long  thin  wires 
under  the  tradename  Piezo  Wire.  NTK  Piezo 
Wire  is  marketed  primarily  as  a  flexible  accel¬ 
eration  sensor,  although  it  can  also  be  used  as  a 
pick  up  for  an  electric  piano  or  electric  guitar, 
stretched  across  a  street  to  monitor  traffic  flow, 
or  wrapped  around  the  body  to  detect  heart 
sound  and  blood  pressure.  Research  has  also 
included  using  0-3s  in  smart  systems  to  actively 
control  acoustic  noise  (Salloway,  1996).  In  ad¬ 
dition,  it  has  been  investigated  as  a  potential 
thin-layer  vibration  detector  which  can  be 
coated  directly  onto  a  structure  due  to  its 
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Table  2  Properties  of  0-3  Piezo  Rubber  composites. 


NTK  designation 

P 

pc 

Kl. i 

tan  8 

mm 

^31 

dh 

Sh 

AT 

PR-303 

5300 

7.0 

43 

0.06 

48 

-15.5 

17 

45 

—  207 

PR-304 

5300 

8.3 

40 

0.03 

56 

-18.5 

19 

55 

—2os 

PR-305 

5500 

6.7 

37 

0.03 

46 

-2.5 

41 

124 

—  198 

PR-306 

5300 

8.5 

38 

0.02 

34 

-7.0 

20 

58 

i  yo 

—  20S 

PR-307 

5900 

8.4 

45 

0.05 

52 

-4.0 

44 

111 

—  199 

PR-308 

6200 

9.1 

57 

0.05 

58 

-5.0 

48 

95 

-200 

Source:  NTK.  Technical  Ceramics. 

frequency  (Hz) 


Figure  2  Frequency  dependence  of  the  receiving  sensitivity  for  Piezo  Rubber  composites  PR-303,  PR-305, 
PR-306,  and  PR  307,  which  are  designated  by  03,  05,  06,  and  07  in  the  figure.  PR-303,  PR-305,  and  PR-306 
were  each  3  mm  thick,  whereas  PR-307  was  2  mm  thick  (reproduced  by  permission  of  the  American  Institute 
of  Physics  from  Jpn.  J.  Appl.  Phys.,  1987,  26  Suppl.  26-1,  153-155). 


paint-like  texture  in  the  initial  stage  of  manu¬ 
facture  (Egusa  and  Iwasawa,  1994). 

Table  2  shows  the  relevant  low-frequency 
properties  of  various  Piezo  Rubber  composi¬ 
tions.  The  various  numerical  designations  are 
based  on  different  ceramic  powder  volume  frac¬ 
tions  and/or  different  particle  size  distributions. 
The  dielectric  constant  of  each  of  the  compo¬ 
sites  is  much  less  than  that  of  the  lead  titanate 
active  phase  (see  Table  1)  due  to  the  presence  of 
the  polymer  matrix.  Nevertheless,  the  acoustic 
impedance,  dielectric  constant,  and  dielectric 
loss  are  approximately  constant  for  all  the  PR 
types  shown.  The  low  characteristic  impedance 
implies  that  the  Piezo  Rubbers  have  a  better 
acoustic  impedance  match  to  either  an  air  or 
water  medium  than  does  the  ceramic  alone.  The 
reduction  (compared  to  the  monolithic  ceramic) 
and  the  variation  in  the  dh  coefficients  are  a 
result  of  the  change  in  the  volume  fraction  of 
ceramic  present  from  one  PR  type  to  another. 
The  large  increase  in  the  gh  coefficient  is  due  to 
the  associated  decrease  in  dielectric  constant. 

Figure  2  shows  the  frequency  dependence  of 
the  receiving  sensitivity  (as  defined  by  Equation 
2(b))  for  four  different  types  of  Piezo  Rubbers 
when  used  as  a  hydrophone.  The  nearly  flat 
sensitivity  response  between  10  Hz  and  10  kHz 
indicates  that  they  can  be  used  effectively  over 


this  entire  frequency  band.  The  pressure  depen¬ 
dencies  of  the  receiving  sensitivity  (measured  at 
160  Hz)  for  these  same  PR  types  (plus  06)  are 
compared  in  Figure  3.  As  a  rule  of  thumb,  the 
pressure  in  MPa  is  equivalent  to  100  m  of  water 
depth.  The  sensitivity  of  PR-305  is  the  most 
pressure  dependent.  This  was  attributed  to  the 
presence  of  porosity  in  the  epoxy  matrix 
(Banno  et  al.,  1987).  The  other  compositions 
are  approximately  pressure  independent  up 
through  15  MPa.  Taking  into  account  the 
thickness  of  the  various  Piezo  Rubbers  in  the 
figure,  their  receiving  sensitivities  are  20-40  dB 
better  than  bulk  PZT  and  up  to  lOdB  better 
than  pure  lead  titanate  (see  Table  1).  The  dielec¬ 
tric,  piezoelectric,  and  elastic  properties  of  0-3 
composites  also  vary  as  a  function  of  tempera¬ 
ture.  These  property  variations  are  attributed 
to  the  transition  of  the  polymer  matrix  from 
stiff  glass-like  to  soft  rubber-like  behavior  as 
the  temperature  is  increased  (Rittenmyer  and 
Dubbelday,  1992). 

Piezoelectric-polymer  composites  with  1-3 
connectivity  consist  of  parallel  aligned  piezo¬ 
ceramic  (generally  PZT)  rods  or  fibers  im¬ 
bedded  within  a  three-dimensional  polymer 
host  matrix  (Figure  1).  This  composite  design 
is  intended  to  operate  in  its  pure  thickness 
mode.  The  1-3  type  composites  have  been 
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pressure  (MPa) 

Figure  3  Pressure  dependence  of  the  receiving  sensitivity  (measured  at  160  Hz)  for  Piezo  Rubbers  PR-303, 
PR-305,  PR-306,  PR-307,  and  PR-308  which  are  designated  by  03,  05,  06,  07,  and  08  in  the  figure.  PR-303, 
PR-305,  and  PR-306  were  each  3  mm  thick,  whereas  PR-307  and  PR-308  were  both  2  mm  thick  (reproduced 
by  permission  of  the  American  Institute  of  Physics  from  Jpn.  J.  Appl.  Phys.,  1987,  26  Suppl.  26-1,  153-155). 


used  effectively  as  sensors  at  frequencies  span¬ 
ning  from  Hz  to  MHz.  When  used  solely  as  a 
sensor,  the  volume  fraction  of  PZT  in  the  com¬ 
posite  is  generally  between  5  and  25%.  When 
used  for  both  transmit  as  well  as  receive,  the 
optimum  PZT  volume  fraction  is  between  30 
and  50%.  As  such,  1-3  type  piezocomposite 
sensors  are  generally  much  lighter  in  weight 
than  their  0-3  counterparts. 

The  polymer  phase  in  a  1-3  composite  serves 
a  dual  purpose.  First,  it  improves  the  mechan¬ 
ical  compliance  as  well  as  the  acoustic  impe¬ 
dance  match  to  either  air  or  water  compared  to 
the  monolithic  ceramic.  Second  and  most  im¬ 
portantly,  the  polymer  acts  as  a  stress  transfer 
mechanism  to  decouple  the  longitudinal  and 
transverse  contributions  of  the  piezoceramic 
to  a  hydrostatic  stress.  When  subject  to  a  hy¬ 
drostatic  stress,  there  are  three  contributions  to 
the  hydrostatic  piezoelectric  voltage  coefficient, 
gh,  of  the  composite  (Smith,  1993).  The  first 
comes  from  the  composite  g33,  in  which  the 
longitudinal,  or  axial,  stress  is  transferred  di¬ 
rectly  to  the  piezoceramic  rods.  The  second 
contribution  comes  from  the  composite  g3i-  In 
this  case,  the  transverse  stresses  are  transmitted 
to  the  sides  of  the  piezoceramic  elements  via  the 
polymer.  The  third  contribution  also  arises 
from  the  composite  g31.  When  squeezed  from 
all  sides,  the  polymer  bulges  due  to  the  Poisson 
ratio  effect,  pulling  on  the  ceramic  rods  and 
lengthening  them.  This  g31  contribution  from 
the  composite  effectively  counteracts  the  g33 
contribution  and  consequently  lowers  the.  gh 
of  the  structure.  The  effectiveness  of  the  stress 
transfer  is  characterized  by  a  stress  amplifica¬ 


tion  factor  which  depends  on  the  individual  rod 
diameters,  the  rod-to-rod  spacing,  the  volume 
percent  and  arrangement  of  the  rods,  as  well  as 
the  stiffness  of  the  polymer.  Under  a  hydro¬ 
static  pressure,  the  stress  amplification  factor  is 
practically  reduced  by  a  factor  of  (l-2v),  where 
v  is  the  Poisson  ratio  of  the  polymer  phase  (Cao 
et  al.,  1992).  Since  the  applied  stress  incident  on 
a  1-3  piezocomposite  is  designed  to  be  carried 
mainly  by  the  piezoceramic  rods,  a  pressure- 
induced  depolarization  effect  also  occurs  in  the 
rods.  This  effect  can  become  quite  pronounced 
under  large  loads  as  well  as  for  a  low  volume 
fraction  of  rods,  which  is  often  the  preferred 
design  choice  for  sensor  applications.  When 
used  under  these  conditions,  the  performance 
of  a  1-3  piezocomposite  degrades,  causing  re¬ 
liability  problems  in  the  device. 

Various  modifications  to  the  1-3  composite 
design  have  been  investigated  in  an  attempt  to 
alleviate  these  problems.  The  preferred  solution 
is  to  incorporate  air  pockets  into  the  structure 
to  absorb  the  lateral  strain.  This  has  been  done 
by  drilling  air  holes  through  the  epoxy  matrix  in 
a  direction  parallel  to  the  ceramic  rods  (Hos- 
sack  and  Bedi,  1994),  eliminating  the  interface 
between  the  rods  and  polymer,  instead  allowing 
the  stress  transfer  to  be  realized  by  armature 
plates  located  on  the  upper  and  lower  surfaces 
of  the  composite  (Eyraud  et  al.,  1994),  and 
utilizing  hollow,  radially  poled  piezoceramic 
tubes  which  operate  in  the  g3!  rather  than  the 
g33  mode  (Zhang  et  al.,  1993;  Wang  et  al., 
1995).  This  latter  design  also  has  the  advantage 
of  not  depoling  under  high  pressures.  Incor¬ 
porating  a  softer  polymer  phase  between  the 
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Figure  4  Piezocomposite  SmartPanel™  from  MSI 
used  for  active  control  of  underwater  vibration  and 
noise  (reproduced  by  permission  of  the  SPIE  from 
‘Proceedings  of  the  SPIE:  Smart  Structures  and 
Materials  1997 — Industrial  and  Commercial  Appli¬ 
cations  of  Smart  Structures  Technologies’,  1997, 
vol.  3044,  pp.  391-396). 

ceramic  rods  and  the  stiffer  polymer  matrix  has 
also  been  tried  (Kim  et  al.,  1994),  as  well  as  a 
glass  fiber  reinforcement  phase  in  the  lateral 
direction  to  support  the  transverse  direction 
stress  (Haun  et  al.,  1986).  All  these  solutions, 
however,  add  complexity  and  manufacturing 
cost  to  the  composite. 

The  two  primary  commercial  methods  used 
to  manufacture  1-3  piezocomposites  are  the 
dice-and-fill  technique  and  injection  molding. 
The  technology  used  typically  depends  on  the 
desired  properties  of  the  end  product.  For  the 
dice-and-fill  technique  (Savakus  et  al.,  1981),  a 
diamond  saw  is  used  to  cut  perpendicular 
grooves  nearly  through  a  piezoceramic  plate 
to  form  rows  and  columns  of  pillars.  A  suitable 
polymer  is  then  vacuum  cast  into  the  grooves. 
After  the  polymer  has  cured,  the  ungrooved 
backplate  is  ground  away  and  the  composite 
is  polished  to  the  desired  thickness.  The  com¬ 
posite  assembly  is  completed  by  electroding 
both  the  upper  and  lower  surfaces  and  poling. 
The  dice-and-fill  technique  limits  the  shape  of 
the  pillars  to  be  square  or  rectangular.  Pillars 
100  pm  on  edge  and  groove  sizes  down  to  25  pm 
can  be  achieved  (Janas  and  Safari,  1995;  Smith, 
1992).  Both  are  limited  by  the  machinability  of 
the  ceramic  as  well  as  the  width  of  saw  blade. 
The  dice-and-fill  technique  is  adequate  for  the 
production  of  small  area  samples,  such  as  re¬ 
quired  in  medical  transducers.  However,  it  is 
not  cost  effective  and  is  too  time  consuming  for 
applications  requiring  large  area  coverage. 

Manufacturing  1-3  composites  for  large  area 
coverage  is  better  suited  to  injection  molding. 
In  order  to  perform  the  injection  molding  tech¬ 
nique,  the  piezoceramic  powder  first  has  to  be 
thoroughly  mixed  with  a  suitable  organic 
binder  which  acts  as  a  carrier  during  molding, 
allowing  its  transfer  as  a  viscous  fluid  under 
heat  and  pressure  (Bowen  et  al.,  1993).  This  hot 
thermoplastic  mixture  is  then  rammed,  or 


injected,  into  a  cold  metal  mold  which  is  the 
negative  of  the  desired  end  product.  This  gives  a 
green  (i.e.,  unfired)  ceramic  preform.  When  the 
preform  has  been  ejected  from  the  mold,  it  is 
slowly  heated  to  burn  out  the  organic  binder 
before  being  sintered.  The  sintered  preform  is 
electroded,  poled,  encapsulated  in  a  polymer, 
and  has  the  backing  plate  ground  off  (in  that 
order).  Injection  molding  is  a  fast  and  simple 
net-shape  process  which  can  provide  dense, 
large  area  pieces  with  different  rod  shapes,  ar¬ 
rangements,  and  diameters.  The  most  expensive 
feature  of  this  technique  is  the  production  of  the 
mold.  The  primary  commercial  manufacturer 
of  injection  molded  1-3  piezocomposites  at  the 
present  time  is  Material  Systems  Incorporated 
(MSI)  in  the  USA.  Their  composites,  sold 
under  the  tradename  SonoPanels,  can  have 
rod  diameters  between  70  pm  and  5  mm  with 
thicknesses  upwards  of  25  mm.  In  addition, 
ceramic  volume  fractions  have  ranged  from  15 
to  40%  (Bowen  et  al.,  1993,  1996). 

There  has  been  a  long-term  interest  by  the  US 
Navy  in  developing  piezocomposites  for  under¬ 
water  sensor  applications  because  of  their  high 
hydrostatic  sensitivity  response.  Over  the  years, 
this  research  effort  has  resulted  in  the  develop¬ 
ment  of  the  piezo-polymer  PVDF  as  well  as  0-3 
piezocomposites.  Advancement  of  the  1-3  type 
piezocomposites,  however,  was  hindered  due  to 
the  lack  to  manufacturing  technology.  With  the 
advent  of  advanced  processing  methods,  includ¬ 
ing  the  highly  successful  injection  molding  tech¬ 
nique  previously  described,  the  advantages  of 
the  1-3  piezocomposites  are  now  being  realized. 
For  example,  one  application  is  a  hull-mounted 
conformal  array  for  acoustical  detection.  Other 
recent  applications  based  on  the  advanced  ma¬ 
terial  processing  capabilities  include  in-air  and 
in-water  active  control  applications  which  use 
l-3s  consisting  of  integrated  pressure  sensors, 
accelerometers,  and  actuators  (Gentilman  et  al., 
1996;  Fiore  et  al.,  1997a,  1997b;  Corsaro  et  al., 
1997).  A  photograph  of  the  cutaway  of  a  panel 
used  for  vibration  control  applications  is  shown 
in  Figure  4. 

Additional  interest  in  1-3  piezocomposites 
include  their  use  in  medical  pulse-echo  ultraso¬ 
nic  transducers  for  acoustic  imaging.  The  pri¬ 
mary  manufacturers  of  ultrasonic  probes  that 
feature  1-3  piezocomposite  materials  as  the 
active  component  have  been  Phillips  Medical 
Systems,  Echo  Ultrasound,  Acuson,  Acoustic 
Imaging,  Precision  Acoustic  Devices,  Hitachi, 
and  Siemens  AG  (Smith,  1992;  Oakley,  1991; 
Wersing,  1986;  Takeuchi  et  al.,  1984).  Medical 
ultrasonic  transducers  use  the  1-3  design  be¬ 
cause  of  their  lower  acoustic  impedance  match¬ 
ing  to  the  medium,  higher  bandwidth,  and 
clean,  mode-free  operations. 
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Table  3  Comparison  of  typical  low-frequency  piezoelectric  properties  of  various  piezocomposite  structures. 


Type 

P 

Kl 3 

d* 

dh 

gh 

dh-gh 

M* 

0-3 

5900 

45 

52 

44 

111 

4884 

-199 

1-3 

1800 

460 

550 

268 

66 

17688 

-204 

3-1 

760 

350 

230 

34 

7800 

-209 

3-2 

320 

300 

322 

113 

36300 

-199 

3-3 

3840 

200 

190 

90 

50 

4500 

-206 

Source:  NTK  Technical  Ceramics;  Bowen  et  al.y  1996;  Safari  et  ai,  1982;  Gururaja  et  ai,  1988. 


Figure  5  Frequency  dependence  of  the  receiving 
sensitivity  of  a  6.4  mm  thick  MSI  injection  molded 
1-3  composite  utilizing  PZT-5H  (reproduced  by 
permission  of  the  IEEE  from  ‘Ultrasonics  Sympo¬ 
sium  Proceedings’,  1993,  vol.  1,  pp.  499-503). 

The  receiving  sensitivity  as  a  function  of 
frequency  for  a  6.3  mm  thick  1-3  piezocompo¬ 
site  (SonoPanel™)  containing  15  vol.%  PZT- 
5H  rods  each  1.15  mm  in  diameter  is  shown  in 
Figure  5.  The  receive  sensitivity  is  quite  high  at 
about  —  186dB,  re:lVjiPa~  ,  and  is  nearly 
constant  from  1kHz  to  almost  100  kHz.  The 
sensitivity  of  the  composite  is  over  30  dB  higher 
than  monolithic  PZT-5H  of  the  same  thickness 
and  also  compares  well  to  a  0-3  Piezo  Rubber. 

The  pressure  dependence  of  the  receive  sen¬ 
sitivity  (measured  at  both  4°C  and  29  °C  at 


1kHz)  of  a  1-3  type  piezocomposite  is  shown 
in  Figure  6.  The  composite  contains  30  vol.% 
PZT-4  rods  each  1  mm  on  edge  and  3  mm  thick 
and  is  encapsulated  in  an  epoxy  resin.  The 
response  is  flat  up  to  at  least  15  MPa  of  pres¬ 
sure.  Compared  to  the  1-3  piezocomposite  in 
Figure  5,  the  lower  sensitivity  response  in  this 
case  is  likely  due  to  a  combination  of  effects 
from  different  PZT  type,  different  epoxy 
matrix,  and  thinner  sample. 

The  low  frequency  properties  of  1-3  piezo¬ 
composites  are  shown  in  Table  3.  In  compar¬ 
ison  with  0-3  piezocomposites,  the  l-3s  exhibit 
higher  d33  and  dh  coefficients,  indicating  that 
they  make  better  electromechanical  actuators 
and  acoustic  transmitters.  Conversely,  the  l-3s 
have  comparable  or  slightly  lower  gh  constants 
(due  to  their  higher  dielectric  constants).  This 
indicates  that  l-3s  and  0-3s  are  roughly  equiva¬ 
lent  in  terms  of  receive,  or  sensor,  capability. 
However,  because  of  the  lower  dielectric  dissi¬ 
pation  of  1-3  piezocomposites  compared  to  the 
0-3s,  the  self-noise  level  is  3-6  dB  less  for  1-3 
devices  (Geil  and  Matteson,  1992;  Geil  et  al , 
1996).  Another  advantage  that  the  1-3  config¬ 
uration  has  over  the  0-3  design  is  in  design 
tailorability.  The  1-3  design  can  be  easily  mod¬ 
ified  to  change  the  mechanical  resonance  fre¬ 
quency  and  the  mechanical  Q ,  as  well  as  other 
aspects. 
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Figure  6  Pressure  and  temperature  dependence  of  the  low-frequency  receiving  sensitivity  of  a  1-3  composite 
utilizing  PZT-4  (reproduced  by  permission  of  Gordon  and  Breach  Publishers  from  Ferroelectrics,  1990,  102, 
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Figure  7  Frequency  dependence  of  the  receiving  sensitivity  of  a  porous  (3-3)  composite  PZT-5  hydrophone 
(reproduced  by  permission  of  Gordon  and  Breach  Publishers  from  Ferroelec tries,  1990,  102,  215-224). 


Other  piezocomposite  connectivity  schemes 
are  either  in  the  developmental  stage,  such  as 
the  3-3s,  or  essentially  have  been  abandoned 
because  they  are  too  difficult/costly  to  manu¬ 
facture  or  show  no  significant  advantage  over 
the  0-3  or  1-3  type  piezocomposites  (i.e.,  the  2- 
2s).  Composites  with  3-3  connectivity  were  in¬ 
itially  fabricated  by  a  technique  known  as  the 
replamine  process  (Skinner  et  aL,  1978)  which  is 
the  lost  wax  replication  of  a  coral  skeleton. 
Since  then,  additional  technologies  have  been 
developed  such  as  the  fugitive  phase,  or 
BURPS  (BURned  out  Polymer  Spheres),  pro¬ 
cess  (Shrout  et  aL,  1979;  Rittenmyer  et  aL, 
1982)  which  produces  a  porous  three-dimen- 
sionally  interconnected  ceramic  structure  by 
sintering  a  compacted  mixture  of  volatilizable 
plastic  spheres  and  PZT  powder.  A  reticulated 
ceramic  technology  (Creedon  and  Schulze, 
1996)  and  solid  freeform  fabrication  (BandyO- 
padhyay  et  aL,  1997)  are  two  recently  developed 
potential  manufacturing  methods.  In  the  latter 
technique,  a  honeycomb-like  piezoceramic 
structure  is  built  up  layer  by  layer  by  compu¬ 
ter-aided  fused  deposition  technology.  The 
ceramic  lattice  is  then  backfilled  with  polymer 
and  electroded  to  complete  the  composite. 

In  some  3-3  composites,  the  passive  phase  is 
air  rather  than  polymer.  This  kind  of  composite 
is  called  a  porous  piezoceramic  composite.  Mit¬ 
subishi  Mining  and  Cement  (now  Mitsubishi 
Materials)  has  developed  several  techniques  for 
introducing  connected  porosity  into  PZT  cera¬ 
mics:  reactive  sintering,  foaming  agents,  or¬ 
ganic  additives,  and  careful  control  of  particle 
size  and  firing  conditions  (Gururaja  et  aL, 
1988).  The  receiving  sensitivity  of  such  a  com¬ 
posite  is  shown  in  Figure  7.  This  composite 
exhibits  a  nearly  constant  receive  sensitivity  of 
— 207  dB,  reilVjiPa^1,  from  1  kHz  through 
40  kHz.  When  the  g h  constant  of  this  composite 
was  measured  as  a  function  of  hydrostatic  pres¬ 
sure,  a  nearly  flat  response  was  observed  up 
through  60  MPa.  At  this  pressure,  the  response 


had  decreased  by  only  1  dB  from  its  initial  value 
(Ting,  1990). 

Conventional  composites  exhibiting  3-1  and 
3-2  connectivity  consist  of  a  PZT  block  with 
holes  drilled  through  either  one  side  (3-1)  or 
both  sides  (3-2)  in  a  direction  perpendicular  to 
the  poled  direction  of  the  PZT.  The  holes  are 
subsequently  back-filled  with  polymer.  In  3-1 
and  3-2  composites  manufactured  in  this  way, 
the  dielectric  constant,  as  well  as  the  dh  and  gl 
coefficients,  are  all  functions  of  hole  size,  PZT 
thickness,  poling  technique,  and  center-to-cen- 
ter  distance  between  adjacent  holes  (Safari  et  aL, 
1982).  The  receiving  sensitivity  for  a  typical  3-1 
piezocomposite  at  three  different  frequencies  is 
shown  in  Figure  8.  The  response  is  relatively 
independent  of  frequency  and  pressure  up 
through  6  MPa.  A  higher  response  is  generated 
in  the  3-2  composite  because  of  its  greater 
mechanical  compliance.  The  primary  draw¬ 
backs  of  these  latter  two  configurations  are  in 
manufacturing,  durability,  and  mechanical 
flexibility. 


5.22.5.2  Piezoelectric-Metal  Composites 

In  ceramic-metal  composites,  metal  face¬ 
plates,  shells,  or  caps  are  mechanically  coupled 
to  both  the  active  ceramic  as  well  as  the  sur¬ 
rounding  medium  and  are  the  means  by  which 
the  incident  stress  is  transferred  to  the  piezo¬ 
ceramic.  The  best  ceramic-metal  composite 
sensors  are  the  flextensional-type  transducers. 
In  a  flextensional  sensor,  the  flexural  vibration 
of  the  metal  shell  causes  an  extensional  (or 
contractional)  vibration  in  the  piezoelectric  ele¬ 
ment.  Flextensional  transducers  are  typically 
quite  massive,  in  terms  of  both  size  and  weight. 
The  “moonie”  and  “cymbal”  type  transducers 
are  miniaturized  versions  of  flextensionals. 

The  moonie  and  cymbal  transducers  possess 
2-(0)-2  connectivity.  These  transducers  consist 
of  a  piezoceramic  disk  sandwiched  between  two 
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Figure  8  Pressure  and  frequency  dependence  of  the  receiving  sensitivity  of  a  3-1  composite  utilizing  PZT-5 
(reproduced  by  permission  of  Elsevier  Applied  Science  Publishers  Ltd.  from  Applied  Acoustics,  1994,  41, 

325-335). 


(a) 


(b) 


Figure  9  Cross-sectional  views  of  the  (a)  moonie-type  and  (b)  cymbal-type  flextensional  metal-ceramic 
composite  sensors.  The  cross-hatched  areas  represent  the  piezoceramic  disk  and  the  gray  areas  designate  the 

metal  caps  (after  Tressler  et  al.,  1995). 


metal  caps,  each  of  which  contains  a  shallow 
air-filled  cavity  on  its  inner  surface.  In  the  case 
of  the  moonie,  the  cavities  are  in  the  shape  of  a 
half-moon,  whereas  the  cymbal  has  a  truncated 
cone-shaped  cavity  (Figure  9).  The  presence 
of  these  cavities  allows  the  metal  caps  to  serve 
as  mechanical  transformers  for  converting 
and  amplifying  a  portion  of  the  incident  axial- 
direction  stress  into  tangential  and  radial  stres¬ 
ses  of  opposite  sign.  Thus,  the  g31  and  g33 
contributions  of  the  PZT  now  add  together 
(rather  than  subtracting)  in  the  effective  gh  of 
the  device  (Tressler  et  al.,  1995).  For  a  moonie 
transducer,  an  effective  dh  •  gh  product  exceed¬ 
ing  50000  x  10-I5m2N-1  is  achievable  (Xu 
et  al.,  1991).  A  cymbal  transducer,  on  the  other 
hand,  can  exhibit  an  effective  d^-gh  product 


exceeding  100000  x  10-l5m2N~1  because  of 
its  more  efficient  stress-transfer  mechanism 
(Tressler  et  al.,  1995).  The  higher  sensitivity  in 
the  case  of  the  cymbal  compared  to  the  moonie 
is  at  the  expense  of  an  increase  in  pressure 
dependence  in  its  performance.  Flextensional 
moonie-type  transducers  have  seen  extensive 
use  as  the  sensor  component  in  towed  arrays 
used  for  underwater  oil  exploration. 


5.22.6  SUMMARY 

The  sensitivity  ( M)  of  a  piezoelectric  is  a 
function  of  its  voltage  coefficient  (gy)  and  its 
thickness  (f)  as  M  =  gy  t.  A  poled  piezoelectric 
ceramic  such  as  PZT  has  five  nonzero  coeffi- 
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dents:  g3X  “  g32>  £33*  and  gX5  =  g2 4.  For  in-air 
applications,  either  the  g33  (longitudinal  mode) 
or  g\s  (shear  mode)  coefficients  are  typically 
used.  Wien  used  in  a  hydrostatic  mode,  such 
as  when  fully  immersed  in  water,  the  sensitivity 
is  proportional  to  the  hydrostatic  g-coefficient 
( gh )  which  is  equal  to  g33  +  2g3l.  For  a  poled 
piezoelectric  ceramic,  g33  x-2g3l  due  to  crystal¬ 
lographic  symmetry  arguments.  Thus,  the  sen¬ 
sitivity  of  a  monolithic  piezoelectric  ceramic 
under  hydrostatic  conditions  is  rather  low. 
This  is  the  main  reason  why  piezoelectric  cera¬ 
mics  are  incorporated  into  composite  config¬ 
urations. 

Piezoceramic-polymer  composites  are  de¬ 
signed  to  eliminate  either  the  g3X  or  g33  contri¬ 
bution  to  gh *  The  manner  in  which  the  ceramic 
and  polymer  are  self-connected  throughout  the 
composite  volume  has  a  marked  effect  on  its 
properties.  Composites  with  0-3  connectivity 
are  typically  in  the  form  of  flexible  rubber 
sheets.  They  are  characterized  by  high  sensitiv¬ 
ity,  high-pressure  tolerance,  a  broad  operating 
bandwidth,  as  well  as  a  good  acoustical  impe¬ 
dance  match  to  air  or  water.  Piezocomposites 
with  1-3  connectivity  have  roughly  the  same 
performance  characteristics  as  0-3s.  Physically, 
though,  they  are  more  rigid,  lighter  in  weight, 
and  can  be  more  easily  tailored  to  application- 
specific  needs.  As  seen  in  Table  3,  other  piezo¬ 
composite  designs  have  not  shown  any  marked 
advantage  over  the  0-3  or  1-3  composite  de¬ 
signs.  Piezoceramic-metal  composites  (flexten- 
sional  devices)  exhibit  very  high  sensitivity 
because  they  are  engineered  such  that  the  g33 
and  g31  coefficients  of  the  piezoceramic  con¬ 
structively  contribute  to  the  gh  of  the  device 
(i.e.,  they  effectively  add  together  rather  than 
subtract).  Compared  to  the  aforementioned 
piezoceramic-polymer  composites,  metal  cera¬ 
mic  composites  have  a  much  narrower  operat¬ 
ing  bandwidth  and  show  more  highly  pressure- 
dependent  performance  characteristics. 


5.22.7  REFERENCES 


A.  Bandyopadhyay,  R.  K.  Panda,  V.  F.  Janas,  M.  K. 
Agarwala,  S.  C.  Danforth  and  A.  Safari,  J.  Am .  Ceram. 
Soc .,  1997,  80,  1366-1372. 

H.  Banno,  Ferroelectrics ,  1983,  50,  3-12. 

H.  Banno,  in  ‘Proceedings  of  the  7th  IEEE  International 
Symposium  on  Applications  of  Ferroelectrics’,  Univer¬ 
sity  of  Illinois  at  Urbana-Champaign,  eds.  S.  B.  Kru- 
panidhi  and  S.  PC.  Kurtz,  IEEE,  Piscataway,  NJ,  1990, 
pp.  67-72. 

H.  Banno,  K.  Ogura,  H.  Sobue  and  K.  Ohya,  Jpn .  J. 

Appi  Phys .,  1987,  26  Suppl.  26-1,  153-155. 

D.  Berlincourt,  J.  Acoust .  Soc.  Am .,  1981,  70,  1586-1595. 
D.  A.  Berlincourt,  D.  R.  Curran  and  H.  Jaffe,  in  ‘Physical 
Acoustics’,  ed.  W.  P.  Mason,  Academic  Press,  New 
York,  1964,  vol.  1,  Part  A,  pp.  169-270. 


A.  S.  Bhalla,  W.  R.  Cook,  Jr.,  S.  T.  Liu,  in  ‘Landolt- 
Bdmstein  Numerical  Data  and  Functional  Relation¬ 
ships  in  Science  and  Technology  New  Series:  Low 
Frequency  Properties  of  Dielectric  Crystals— 
Piezoelectric,  Pyroelectric,  and  Related  Constants’,  ed. 
D.  F.  Nelson,  Springer,  New  York,  Berlin,  Heidelberg 

1993,  vol.  III/29b. 

A.  S. -Bhalla  and  R.  Y.  Ting,  Sensors  and  Materials ,  1988 

4,  181-185. 

L.  Bowen,  R.  Gentilman,  D,  Fiore,  H.  Pham,  W.  Serwat- 
ka,  C.  Near  and  B.  Pazol,  Ferroelectrics ,  1996,  187 
109-120. 

L.  J.  Bowen,  R.  L.  Gentilman,  H.  T.  Pham,  D.  F.  Fiore 
and  K.  W.  French,  in  ‘Ultrasonics  Symposium  Proceed¬ 
ings,  Baltimore’,  eds.  M,  Levy  and  B.  R.  McAvoy, 
IEEE,  Piscataway,  NJ,  1993,  vol.  1,  pp.  499-503. 

W.  W.  Cao,  Q.  M.  Zhang  and  L.  E.  Cross,  J.  Appl.  Phys 
1992,  72,  5814-5821. 

R.  D.  Corsaro,  B.  Houston  and  J.  A.  Bucaro,  J.  Acoust 
Soc .  Am.,  1997,  102,  1573-1581. 

M.  J.  Creedon  and  W.  A.  Schulze,  in  ‘Proceedings  of  the 
10th  IEEE  International  Symposium  on  Applications  of 
Ferroelectrics’,  New  Brunswick,  NJ,  1996,  eds.  B.  M. 
Kulwicki,  A.  Amin,  and  A.  Safari,  IEEE,  Piscataway, 
NJ,  1996,  vol.  1,  pp.  527-530. 

S.  Egusa  and  N.  Iwasawa,  J.  Intell.  Mater.  Sys.  Struct., 

1994,  5,  140-144. 

L.  Eyraud,  C.  Richard  and  D.  Guyomar,  in  ‘Ultrasonics 
Symposium  Proceedings’,  Cannes,  1994,  eds.  M.  Levy, 

5.  C.  Schneider  and  B.  R.  McAvoy,  IEEE,  Piscataway, 
NJ,  1994,  vol.  2,  pp.  929-934. 

D.  Fiore,  R.  Gentilman,  H.  Pham,  W.  Serwatka,  P. 
McGuire,  C.  Near  and  L.  Bowen,  in  ‘Proceedings  of 
the  SPIE:  Smart  Structures  and  Materials  1997 
— Industrial  and  Commercial  Applications  of  Smart 
Structures  Technologies’,  San  Diego,  CA,  ed.  J.  M. 
Sater,  SPIE,  Bellingham,  WA,  1997a,  pp.  391-396. 

D.  Fiore,  R.  Tom  and  R.  Gentilman,  in  ‘Proceedings  of 
the  8th  US-Japan  Seminar  on  Dielectric  and  Piezo¬ 
electric  Ceramics’,  Plymouth,  MA,  1997,  eds.  R.  Gur- 
uraja  and  T.  R.  Shrout,  Internal  Publication,  1997b, 
pp.  344-347. 

T. B.  Gabrielson,  Presented  at  the  1997  ONR  Transducer 
Materials  and  Transducers  Workshop,  The  Pennsylva¬ 
nia  State  University,  University  Park,  PA,  April  1997. 

J.  A.  Gallego-Juarez,  J.  Phys.  E.  Sci.  Instrum.,  1989,  22, 
804-816. 

F.  Geil  and  L.  Matteson,  in  ‘Proceedings  of  the  ADPA/ 
AIAA/ASME/SPIE  Conference  on  Active  Materials 
and  Adaptive  Structures’,  Alexandria,  VA,  1992,  ed. 

G.  J.  Knowles,  Institute  of  Physics  Publishing,  Phila¬ 
delphia,  PA,  1992,  pp.  135-138. 

F.  G.  Geil,  R.  Gentilman,  W.  Serwatka  and  K.  Webman, 
J.  Acoust.  Soc.  Am,  1996,  100,  2583. 

R.  Gentilman,  D.  Fiore,  H.  Pham-Nguyen,  W.  Serwatka, 
B.  Pazol,  C.  Near,  P.  McGuire  and  L.  Bowen,  in 
‘Proceedings  of  the  SPIE:  Smart  Structures  and  Mate¬ 
rials  1996 — Industrial  and  Commercial  Applications  of 
Smart  Structures  Technologies’,  San  Diego,  CA,  ed.  C. 
R.  Crowe,  SPIE,  Bellingham,  WA,  1996,  pp.  234-239. 
T.  R.  Gururaja,  A.  Safari,  R.  E.  Newnham  and  L.  E. 
Cross,  in  ‘Electronic  Ceramics:  Properties,  Devices,  and 
Applications’,  ed.  L.  M.  Levinson,  Marcel  Dekker, 
New  York,  1988,  pp.  92-145. 

M.  J.  Haun,  R.  E.  Newnham  and  W.  A.  Schulze,  Adv. 
Ceram.  Mater.,  1986,  1,  361-365. 

J.  A.  Hossack  and  R.  L.  Bedi,  Key  Eng .  Mater.,  1994,  92- 
93,  92-93. 

T.  Ikeda,  ‘Fundamentals  of  Piezoelectricity’,  Oxford  Uni¬ 
versity  Press,  New  York,  1990,  pp.  16,  210-226. 

H.  Jaffe  and  D.  A.  Berlincourt,  Proc.  IEEE,  1965,  53, 
1372-1386. 

B.  Jaffe,  W.  R.  Cook  and  H.  Jaffe,  ‘Piezoelectric  Cera- 


References 


505 


mics\  Academic  Press,  New  York,  1971. 

V.  F.  Janas  and  A.  Safari,  J.  Am .  Ceram.  Soc .,  1995,  78, 
2945-2955. 

C.  Kim,  K.  M.  Rittenmyer  and  M.  Kahn,  Ferroelectrics, 
1994,  156,  19-24. 

R.  Maines,  Sensors ,  1989,  6,  26-27. 

Military  Standard,  Piezoelectric  Ceramic  Material  and 
Measurements  Guidelines  for  Sonar  Transducers,  MIL- 
STD-1376B  (SH),  24  February  1995. 

Morgan  Matroc,  Product  literature. 

A.  J.  Moulson  and  J.  M.  Herbert,  ‘Electroceramics’, 
Chapman  &  Hall,  New  York,  1992,  pp.  265-317. 

R.  E.  Newnham,  A.  Safari,  G.  Sa-gong  and  J.  Giniewicz, 
in  ‘Ultrasonics  Symposium  Proceedings’,  Dallas,  TX, 
ed.  B.  McAvoy,  IEEE,  Piscataway,  NJ,  1984,  pp.  501— 
506. 

R.  E.  Newnham,  D.  P.  Skinner  and  L.  E.  Cross,  Mat . 
Res.  Bull.,  1978,  13,  525-536. 

NTK  Technical  Ceramics,  NTK  Piezo  Rubber  product 
information. 

C.G.  Oakley,  Ph.D.  Thesis,  The  Pennsylvania  State  Uni¬ 
versity,  1991,  pp.  3-4. 

S.  M.  Pilgrim,  R.  E.  Newnham  and  L.  L.  Rohlfing,  Mat. 
Res.  Bull. ,  1987,  22,  677-684. 

K.  M.  Rittenmyer  and  P.  S.  Dubbelday,  J.  Acoust.  Soc. 
Am.,  1992,  91,  2254-2260. 

K.  Rittenmyer,  T.  Shrout,  W.  A.  Schulze  and  R.  E. 

Newnham,  Ferroelectrics,  1982,  41,  189-195. 

C.  Z.  Rosen,  B.  V.  Hiremath  and  R.  E.  Newnham  (eds.), 
‘Piezoelectricity’,  American  Institute  of  Physics,  New 
York,  1992 

A.  Safari,  R.  E.  Newnham,  L.  E.  Cross  and  W.  A. 

Schulze,  Ferroelectrics ,  1982,  41,  197-205. 

A.  J.  Salloway,  Ferroelectrics,  1996,  187,  219-226. 

H.  P.  Savakus,  K.  A.  Klicker  and  R.  E.  Newnham,  Mat. 
Res.  Bull.,  1981,  16,  677-680. 

T.  R.  Shrout,  W.  A.  Schulze  and  J.  V.  Biggers,  Mat.  Res. 
Bull,  1979,  14,  1553-1559. 


D.  P.  Skinner,  R.  E.  Newnham  and  L.  E.  Cross,  Mat. 
Res.  Bull.,  1978,  13,  599-607. 

W.  A.  Smith,  in  ‘Proceedings  of  the  SPIE:  New  Develop¬ 
ments  in  Ultrasonic  Transducers  and  Transducer  Sys¬ 
tems’,  San  Diego,  CA,  ed.  F.  L.  Lizzi,  SPIE, 
Bellingham,  WA,  1992,  pp.  3-26. 

W.  A.  Smith,  IEEE  Trans.  Ultrason.,  Ferroelect.,  Freq. 
Contr.,  1993,  40,  41-49. 

H.  Takeuchi,  C.  Nakaya  and  K.  Katakura,  in  ‘Ultra¬ 
sonics  Symposium  Proceedings’,  Dallas,  TX,  ed.  B.  R. 
McAvoy,  IEEE,  Piscataway,  NJ,  1984,  pp.  507-510. 

R.  Y.  Ting,  Ferroelectrics,  1990,  102,  215-224. 

R.  Y.  Ting,  Applied  Acoustics,  1994,  41,  325-335. 

J.  F.  Tressler,  A.  Dogan,  J.  F.  Fernandez,  J.  T.  Fielding, 
Jr.,  K.  Uchino,  R.  E.  Newnham,  in  ‘Ultrasonics  Sym¬ 
posium  Proceedings’,  Seattle,  WA,  1995,  eds.  M.  Levy, 
S.  C.  Schneider  and  B.  R.  McAvoy,  IEEE,  Piscataway, 
NJ,  1995,  pp.  897-900. 

R.  C.  Turner,  P.  A.  Fuierer,  R.  E.  Newnham  and  T.  R. 
Shrout,  Applied  Acoustics,  1994,  41,  299-324. 

R.  C.  Twiney,  Adv.  Mater.,  1992,  4,  819-822. 

Vemitron  Piezoelectric  Division,  Piezoelectric  Tech¬ 
nology — Data  for  Designers. 

H.  Wang,  Q.  M.  Zhang,  L.  E.  Cross  and  C.  M.  Trottier, 
Ferroelectrics,  1995,  173,  181-189. 

W.  Wersing,  in  ‘Proceedings  of  the  6th  IEEE  Interna¬ 
tional  Symposium  on  the  Application  of  Ferroelectrics’, 
Lehigh  University,  Bethlehem,  PA,  1986,  ed.  W.  A. 
Smith,  IEEE,  Piscataway,  NJ,  1986,  pp.  212-223. 

O.  B.  Wilson,  ‘Introduction  to  Theory  and  Design  of 
Sonar  Transducers’,  Peninsula  Publishing,  Los  Altos, 
CA,  1988. 

Q.  C.  Xu,  S.  Yoshikawa,  J.  R.  Belsick  and  R.  E.  Newn¬ 
ham,  IEEE  Trans.  Ultrason Ferroelect.,  Freq.  Contr., 
1991,  38,  634-639. 

Q.  M.  Zhang,  H.  Wang  and  L.  E.  Cross,  J.  Mater.  Sci., 
1993,  28,  3962-3968. 


